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EXECUTIVE SUMMARY 

The Energy Policy Act of 2005 required the Secretary of the U.S. Department of Energy (DOE) 
to establish the Next Generation Nuclear Plant (NGNP) Project.  In accordance with the Energy 
Policy Act, the NGNP Project consists of the research, development, design, construction, and 
operation of a prototype plant (to be referred to herein as the NGNP) that (1) includes a nuclear 
reactor based on the research and development activities supported by the Generation IV 
Nuclear Energy Systems initiative, and (2) shall be used to generate electricity, to produce 
hydrogen, or to both generate electricity and produce hydrogen.  The NGNP Project supports 
both the national need to develop safe, clean, economical nuclear energy and the National 
Hydrogen Fuel Initiative, which has the goal of establishing greenhouse-gas-free technologies 
for the production of hydrogen.  The DOE has selected the helium-cooled Very High 
Temperature Reactor (VHTR) as the reactor concept to be used for the NGNP because it is the 
only near-term Generation IV concept that has the capability to provide process heat at high-
enough temperatures for highly efficient production of hydrogen.  The DOE has also selected 
the Idaho National Laboratory (INL), the DOE’s lead national laboratory for nuclear energy 
research, to lead the development of the NGNP under the direction of the DOE. 

As defined in the NGNP Preliminary Project Management Plan (PPMP), the NGNP Project 
objectives that support the NGNP mission and DOE’s vision are as follows: 

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

b. 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. 

c. Establish the basis for licensing the commercial version of the NGNP by the Nuclear 
Regulatory Commission (NRC).  This will be achieved in major part through licensing of 
the prototype by NRC, and by initiating the process for certification of the nuclear system 
design.

d. Foster rebuilding of the U.S. nuclear industrial infrastructure and contributing to making 
the U.S. industry self-sufficient for its nuclear energy production needs 

GA is in agreement with the above objectives, but believes that the NGNP Project as described 
in the PPMP is missing a program element that is essential to achieving objectives b and d.  
Specifically, GA believes that the NGNP Project should include a demonstration of the viability 
of commercial-scale coated-particle fuel fabrication by building and operating an NGNP Fuel 
Fabrication Facility (FFF) in Idaho to supply UCO fuel for the NGNP and to demonstrate the fuel 
fabrication technology needed for a commercial fuel supply business, thereby greatly reducing 
the costs and risk that would be associated with a first-of-a-kind commercial fuel fabrication 
facility.  GA also believes that the NGNP mission should be expanded to include demonstration 
of the “Deep Burn” concept that has been proposed by GA for destruction of transuranics in the 
spent nuclear fuel from LWRs.  This is because there is potentially much to be gained by 
coordinating the NGNP Project with the U.S/Russian Pu-disposition Program and with GNEP, 
including using the NGNP as a test bed for demonstrating the irradiation performance of 
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advanced Deep Burn fuels that can significantly improve the economics and public acceptance 
of the closed fuel cycles being advocated as part of GNEP. 

As part of the initial design phase of the NGNP Project, the Battelle Energy Alliance (BEA), 
operator of the INL, contracted with three modular helium reactor (MHR) technology 
development teams, including a team led by General Atomics (GA), to provide preconceptual 
engineering services.  The GA team consists of Washington Group International (Washington 
Group), Rolls-Royce in the United Kingdom, Toshiba Corporation and Fuji Electric Systems 
(FES) in Japan, the Korean Atomic Energy Research Institute (KAERI) and DOOSAN Heavy 
Industries and Construction (DOOSAN) in the Republic of Korea, and OKB Mechanical Design 
(OKBM) in the Russian Federation.  A Work Plan was prepared by GA and approved by BEA to 
define the work scope to be performed by the GA team.  The tasks defined in the Work Plan 
include:

• Prepare a system requirements manual (SRM) to identify the NGNP top-level 
requirements (i.e., mission needs and objectives) and to show how these top-level 
requirements flow down through subordinate requirements at the plant, system, and 
ultimately the subsystem and component level 

• Perform four special studies: 
- A study to compare the two modular helium reactor variations being considered for the 

NGNP; namely, the pebble bed reactor (PBR) design and the prismatic reactor design 
(PMR)

- A study to develop a recommendation with respect to the NGNP reactor power level 
and the size of the NGNP hydrogen production plant(s) 

- A study to compare potential working fluids for the NGNP secondary heat transport 
system and to recommend a working fluid 

- A study to identify the by-products and end-products of the NGNP and to estimate the 
economic value or economic penalties associated with these products 

• Prepare a Technology Development Plan to help define and focus the R&D required to 
support design and construction of the NGNP 

• Develop a preconceptual plant design to the extent necessary to support preparation of an 
NGNP project cost estimate and schedule 

• Perform a safety assessment for the proposed design 

• Evaluate the NGNP licensing options and recommend a licensing approach 

• Develop capital cost and operating cost estimates for the NGNP 

• Prepare an NGNP Project schedule 

• Prepare a life cycle cost analysis and economic assessment for a follow-on commercial 
plant based on the NGNP prototype 

This preconceptual design studies report (PCDSR) covers all of the work performed by the GA 
team as identified above. 
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GA has been at the forefront of gas-cooled reactor design, technology development, and 
commercialization efforts for many years.  GA has prepared a conceptual design for the Gas 
Turbine – Modular Helium Reactor (GT-MHR) and has recently prepared preconceptual designs 
for two variations of a hydrogen production plant using a MHR as a nuclear heat source (i.e., an 
H2-MHR).  GA is currently assisting DOE-NNSA with the U.S./Russian International GT-MHR 
Program, which is being led on the Russian side by GA’s team member, OKBM.  Additionally, 
GA’s team members collectively have extensive experience in advanced hydrogen production 
process development, heat transport technology development, MHR reactor design, and power 
conversion system (PCS) design and development.  Consequently, the GA team has been able 
to leverage the funding provided by BEA for the current effort by drawing heavily on relevant 
past and ongoing government-funded and privately funded work in developing the information 
presented in this PCDSR, the SRM, the special study reports, and the Technology Development 
Plan, all of which the GA team has prepared under contract to BEA. 

Special Studies

The NGNP preconceptual design information presented herein is based on the requirements of 
the SRM and on the results of the reactor type comparison study, the reactor power level study, 
and the heat transfer/transport system study.  An NGNP end-products study was also 
performed to develop the requisite data needed for the commercial plant economic assessment. 

Reactor Type Comparison Study

The objective of the study was to identify the reactor type, i.e., either the prismatic modular 
reactor (PMR) or the pebble bed reactor (PBR), that is best suited for the Very High 
Temperature Reactor (VHTR) commercial mission of cogeneration of electricity and very high-
temperature process heat for production of hydrogen using advanced, highly-efficient processes 
such as thermochemical water splitting and high-temperature electrolysis.  It is important to note 
that the objective of the study was to identify the best choice for a commercial VHTR as 
opposed to identifying the design that best fits into the current preliminary schedule for the 
NGNP Project.  This is because the best design for the commercial VHTR should drive the 
selection of the NGNP design and, hence, the NGNP project schedule, as opposed to the 
NGNP schedule driving selection of the NGNP design and, hence, the commercial VHTR 
design.

A systematic comparison of the 600-MWt GT-MHR design and the 400-MWt PBMR-400 design 
(as described in the open literature) was performed against a set of evaluation criteria selected 
by GA based on the requirements for a commercial VHTR and the NGNP, and the perceived 
capability of the criteria to discriminate between the designs.  The comparison revealed that the 
PMR concept has a clear advantage over the PBR concept as the MHR type best suited for 
commercial deployment.  This is because the PMR inherently allows higher reactor power 
levels, which results in better plant economics.  The PMR concept also has a clear advantage in 
that it involves fewer uncertainties (and therefore less risk) with respect to dust in the primary 
coolant circuit, core thermal/hydraulic performance, replacement of graphite reflector elements, 
and nuclear fuel accountability.  The PMR also allows more flexibility with respect to the use of 
alternate fuel cycles, such as those fabricated from surplus weapons grade Pu or transuranics 
separated from spent LWR fuel.  Accordingly, the pre-conceptual design presented herein is for 
a PMR. 
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Reactor Power Level Study

The study recommended that the NGNP be a full-size prototype of a commercial MHR reactor 
module having a power level of 600 MWt.  This reactor size was judged to best satisfy the 
evaluation criteria that the NGNP should be designed such that construction, licensing, and 
operation of the NGNP would eliminate much of the uncertainty associated with utility/user costs 
to build, license, and operate a commercial VHTR.  The elimination of such uncertainty was 
judged essential to demonstrate to potential utility/users that a VHTR would enjoy a significant 
cost advantage with respect to alternate means of electricity and/or process heat generation 
(without which there would be no incentive for a utility/user to build a VHTR).  Much of this cost 
uncertainty is due to design, licensing, and construction uncertainties associated with high risk 
areas such as the reactor vessel, the PCS, the IHX, and the fuel; consequently, it is essential 
that these areas of high risk and uncertainty be resolved by construction and operation of the 
NGNP.  The minimum sizes for the NGNP hydrogen production facilities, in terms of the thermal 
energy required from the reactor, were recommended to be ~4 MWt for an HTE-based plant 
and 60 MWt for a SI-based plant.  These sizes were recommended to allow for ten SOEC 
modules in the HTE-based plant and three process trains of 20 MWt each in the SI-plant, which 
was deemed desirable to demonstrate process reliability and process control methodologies. 

Heat Transfer/Transport System Study

Helium and the molten salt FLiNak, were evaluated and compared as potential working fluids for 
the NGNP secondary HTS.  The evaluation focused on economics and technical risk.  The 
capital cost of a He secondary HTS was estimated to be about $16 million higher than a molten 
salt HTS primarily due to the cost of the helium circulator.  However, the operating cost for a 
molten salt system was estimated to be substantially higher due to the higher replacement cost 
of a He-MS intermediate heat exchanger (IHX).  Overall, the difference in cost was relatively 
insignificant compared to the total NGNP cost.  However, the technical risk associated with use 
of molten salt was judged to be much greater than that associated with use of helium.  For these 
reasons, it was concluded that there is no compelling reason to choose molten salt over high-
pressure helium, particularly in view of the high-level NGNP Project requirement to use the 
lowest-risk technology consistent with satisfying the NGNP objectives.  Thus, the pre-
conceptual design presented herein uses high-pressure helium as the working fluid for the 
secondary HTS. 

NGNP End-Products Study

The purpose of this study was to identify the NGNP commercial end-products (e.g., electricity, 
hydrogen, and oxygen) and by-products such as radioactive and chemical wastes, to evaluate 
potential management options for these products, and to assess the market value of the 
commercial end-products and the economic penalties associated with the by-products.  This 
study was a prerequisite for the commercial plant economic assessment in that the end-product 
values and by-product economic penalties were inputs to the assessment.  Table E-1 lists the 
commercial value (in 2007$) established for each of the NGNP end-products in the 2020 – 2060 
time frame.  
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Table E-1.  NGNP End-Product Commercial Value Predictions (in 2007$) 

End-Product NGNP Venue* 

2020 – 2060 

H2-MHR Venue** 

2020 - 2060 

Comments 

Electricity (mil/kWh) 55 106 EIA forecast 

Hydrogen ($/kg) 2.5 2.5 Set by natural gas price 

Oxygen ($/tonne) 27 27 EPRI forecast 

* In Idaho 

** U.S. Gulf Coast location

System Requirements Manual

Ultimately, the SRM will be the top-level design document for the NGNP and will serve 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 subordinate 
requirements at the plant, system, subsystem, and component level.  As defined by INL, the 
primary purpose of the 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.)”. 

Given the INL-stated purpose of the initial version of the SRM, it would have been appropriate to 
limit the scope of this SRM to a flow-down of NGNP requirements to the plant level while 
deferring lower-level requirements definition until after NGNP concept down-selection during the 
conceptual design phase of the project.  However, in recognition of past DOE-sponsored work 
by GA that has resulted in a relatively-mature definition of the GT-MHR concept1 and in 
preconceptual designs for both SI-based and HTE-based commercial H2-MHR plants, GA 
expanded the scope of this initial version of the SRM to include lower-level, design-specific 
requirements for the GT-MHR and the H2-MHR.  Although the systems, the functions of the 
systems, and the design-specific requirements for these systems defined in the initial version of 
the SRM are preliminary in nature, GA included this information to provide guidance to the 
NGNP pre-conceptual design effort and to establish a methodology and framework for further 
development of the requirements for the NGNP during conceptual design.  

NGNP Preconceptual Design

Overall Plant Design

Figure E-1 shows a schematic of the NGNP preconceptual plant design developed by the GA 
Team.  The nuclear heat source for the NGNP consists of a single 600-MWt prismatic MHR 
module with two primary coolant loops for transport of the high-temperature helium exiting the 
reactor core to a direct cycle PCS and to an IHX as illustrated in Figure E-2.  The two primary  

                                                
1 The previous work on the GT-MHR included essentially the same concept selection studies 
that are being performed currently as part of the scope of NGNP preconceptual design. 
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Figure E-1.  Schematic of NGNP Plant 

Figure E-2.  The MHR is connected to a direct cycle PCS and an IHX 
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coolant loops can be operated independently or in parallel. The reactor design is essentially the 
same as for the GT-MHR, but includes the additional primary coolant loop to transport heat to 
the IHX and other modifications to allow operation with a reactor outlet helium temperature of 
950°C (vs. 850°C for the GT-MHR). The IHX transfers a nominal 65 MW of thermal energy to 
the secondary heat transport loop, which transports the heat energy to both a SI-based 
hydrogen production facility (60 MWt) and an HTE-based hydrogen production facility (~4 MWt). 

The plant layout consists of the Reactor Building (RB), the two hydrogen generation plants and 
several support buildings and facilities.  Systems containing radionuclides and safety-related 
systems are located in the Nuclear Island, which is separated physically and functionally from 
the remainder of the plant.  A key consideration for safety and licensing of the NGNP is co-
location of the MHR module with the hydrogen production plants.  It is proposed to locate the 
two hydrogen production facilities at a distance of 90 meters from the MHR in order to limit the 
distance over which high-temperature heat is transferred.  This separation distance is consistent 
with an Idaho National Laboratory (INL) engineering evaluation that concluded that separation 
distances in the range of 60 m to 120 m should be adequate in terms of safety. 

The NGNP must be designed for both electricity-only production and for cogeneration of 
electricity and process heat to satisfy the requirement that the NGNP be capable of generating 
electricity, hydrogen, or both electricity and hydrogen.  Tables E-2 and E-3 give the nominal 
plant design parameters for both operating modes for operation of the reactor with reactor outlet 
helium temperatures of 850°C and 950°C, respectively.  GA recommends that initial operation of 
the NGNP be with a reactor outlet helium temperature of 850°C. 

The two primary coolant loops and the requirement to operate in either an electricity-production-
only mode or a cogeneration mode introduce some complexity into the plant design and 
operation that will have to be addressed during subsequent design phases.  However, GA’s 
preliminary evaluation of plant operation provides reasonable confidence that the plant can be 
operated in either mode.  The plant will require a helium inventory control system for the 
secondary heat transport loop and a plant control system that is designed to include the 
necessary instrumentation and controls to make the necessary simultaneous adjustments to the 
primary and secondary helium inventories to maintain the pressure difference across the IHX 
within acceptable limits.  

The NGNP nuclear heat source will be a single MHR module with some modifications to permit 
operation with a reactor outlet helium temperature of 950°C (vs. 850°C for the GT-MHR).  The 
MHR nuclear systems include the Reactor System, the Reactor Vessel, the Shutdown Cooling 
System, and Reactor Cavity Cooling System.  Each of these systems is summarized below.  

Reactor System

Figure E-3 shows a cross-sectional view of a MHR.  Figure E-4 shows a cross section of the 
GT-MHR core at vessel midplane. 
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Table E-2.  NGNP Nominal Plant Design Parameters 
850°C Reactor Outlet Gas Temperature 

 Electricity Only Cogeneration 

MHR System

Power rating 600 MWt 600 MWt 

Core inlet/outlet temperatures  490 C / 850 C 490 C / 850 C

Peak fuel temperature – normal operation <1250 C <1250 C

Peak fuel temperature – accident conditions < 1600 C < 1600 C

Helium mass flow rate 321 kg/s 321 kg/s 

MHR System pressure 7.0 MPa 6.4 MPa 

Power Conversion System

Mass flow rate 321 kg/s 286 kg/s 

Heat supplied from MHR System 600 MWt 535 MWt 

Turbine inlet/outlet temperatures 848 C / 510 C 848 C / 510 C

Turbine inlet/outlet pressures 7.0 MPa / 2.6 MPa 6.2 MPa / 2.3 MPa 

Electricity generation efficiency* 47.5% 47.5% 

Heat Transport System

Primary helium flow rate N/A 35 kg/s 

Secondary helium flow rate N/A 35 kg/s 

IHX heat duty N/A 65 MWt 

IHX primary side inlet/outlet temperatures N/A 850 C / 490 C

IHX secondary side inlet/outlet temperatures N/A 825 C / 465 C

HTE-based Hydrogen Production System

Peak SOE temperature N/A TBD C

Peak SOE pressure N/A TBD MPa 

Product hydrogen pressure N/A TBD MPa 

Annual hydrogen production N/A TBD 

Plant hydrogen production efficiency** N/A TBD% 

SI-based Hydrogen Production System

Peak process temperature N/A ~825 C

Peak process pressure N/A TBD MPa 

Product hydrogen pressure N/A TBD MPa 

Annual hydrogen production N/A TBD 

Plant hydrogen production efficiency** N/A ~42% 

*Neglects parasitic heat losses from the RCCS and SCS  

**Based on the higher heating value of hydrogen (141.9 MJ/kg) 
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Table E-3.  NGNP Nominal Plant Design Parameters 
950°C Reactor Outlet Gas Temperature 

 Electricity Only Cogeneration 

MHR System

Power rating 600 MWt 600 MWt 

Core inlet/outlet temperatures  590 C / 950 C 590 C / 950 C

Peak fuel temperature – normal operation 1250 C - 1350 C 1250 C - 1350 C

Peak fuel temperature – accident conditions < 1600 C < 1600 C

Helium mass flow rate 321 kg/s 321 kg/s 

MHR System pressure 7.0 MPa 6.4 MPa 

Power Conversion System

Mass flow rate 321 kg/s 286 kg/s 

Heat supplied from MHR System 600 MWt 535 MWt 

Turbine inlet/outlet temperatures 948 C / 617 C 948 C / 617 C

Turbine inlet/outlet pressures 7.0 MPa / 3.0 MPa 6.2 MPa / 2.6 MPa 

Electricity generation efficiency* 50.5% 50.5% 

Heat Transport System

Primary helium flow rate N/A 35 kg/s 

Secondary helium flow rate N/A 35 kg/s 

IHX heat duty N/A 65 MWt 

IHX primary side inlet/outlet temperatures N/A 950 C / 590 C

IHX secondary side inlet/outlet temperatures N/A 925 C / 565 C

HTE-based Hydrogen Production System

Peak SOE temperature N/A 862 C

Peak SOE pressure N/A 5.0 MPa 

Product hydrogen pressure N/A 4.95 MPa 

Hydrogen production rate N/A 6,000 Nm
3
/h

Plant hydrogen production efficiency** N/A ~ 53% 

SI-based Hydrogen Production System

Peak process temperature N/A 900 C

Peak process pressure N/A 7.0 MPa 

Product hydrogen pressure N/A 4.0 MPa 

Hydrogen production rate N/A 9,000 Nm
3
/h

Plant hydrogen production efficiency** N/A ~ 45% 

*Neglects parasitic heat losses from the RCCS and SCS; neglects reduction in efficiency due to turbine blade cooling 

**Based on the higher heating value of hydrogen (141.9 MJ/kg) 
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Figure E-3. Cross-Sectional View of MHR 
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Figure E-4.  MHR Core Cross Section at Vessel Midplane 

The MHR active core consists of 102 fuel columns in three annular rings with 10 fuel elements 
per fuel column, for a total of 1020 fuel elements in the active core.  For the equilibrium fuel 
cycle, one-half of the core (510 fuel elements) is reloaded every 425 full-power days, 
corresponding to an equilibrium residence time of 850 effective full-power days (EFPD) for each 
fuel element.  The outer reflector contains 36 control rods, arranged as 12 groups with 3 rods 
per group.  There are 4 control-rod groups in the active core, again with 3 rods per group.  The 
core also contains 18 channels for insertion of reserve shutdown control material (in the form of 
boronated pellets) in the event the control rods become inoperable.  During operation, control 
rods in the active core are completely withdrawn, and only the control rods in the outer reflector 
are used for control.  A control rod design using a carbon-carbon composite as the control rod 
structural material is being evaluated that would allow the in-core rods (or control rods located in 
the inner reflector) to be used during normal operation, which will provide greater flexibility for 
flattening the radial power distribution and provide some additional margin for maintaining fuel 
temperatures and fuel performance within acceptable limits. 

In addition to the fuel elements, other graphite reactor internal components include the side, 
central, top, and bottom graphite reflector elements and the graphite core support assembly.  
Metallic reactor internal components include the metallic core support, the upper core restraint, 
and the upper plenum shroud.  These metallic components are manufactured from high-
temperature alloys (e.g., Incoloy 800H, Hastelloy-X, or Inconel 617). 

From top to bottom, the graphite core support assembly consists of two layers of hexagonal 
elements, support pedestals for the fuel and reflector columns that form the lower plenum, and 
the lower plenum floor, which consists of a layer of graphite elements and two layers of ceramic 
elements that insulate the metallic core support from the hot helium in the lower plenum.  The 
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upper core restraint elements have the same hexagonal cross sections as the graphite 
elements below them and are one-half the height of a standard fuel element.  Dowel/socket 
connections are used to align the core-restraint elements with the graphite blocks.  The core 
restraint elements are also keyed to each other and to the core barrel.  The upper core restraint 
blocks provide stability during refueling and maintain relatively uniform and small gaps between 
columns during operation.  The metallic core support surrounds the core and includes a floor 
section and a core barrel that are welded together.  The metallic core support is supported both 
vertically and laterally by the reactor vessel.  The upper plenum shroud is a welded, continuous 
dome that rests on top of the core barrel to form the upper plenum.  The upper plenum shroud 
includes penetrations for inserting control rods and reserve shutdown material, for refueling, and 
for core component replacement. 

Figure E-5 illustrates the NGNP MHR fuel element and its components.  The reference fuel for 
the NGNP consists of microspheres of uranium oxycarbide (UCO) that are coated with multiple 
layers of pyrocarbon and silicon carbide.  The oxycarbide kernel composition was selected for 
the GT-MHR primarily because of its ability to perform well at relatively high burnup.  The 
carbide component of the kernel undergoes oxidation to getter excess oxygen released during 
fission.  If the carbide component were not present, excess oxygen would react with carbon in 
the buffer to form carbon monoxide.  High levels of carbon monoxide can lead to failure of the 
coating system by overpressurization or by kernel migration.  The oxide component of the 
kernel is highly effective at retaining many radionuclides that can chemically attack or diffuse 
through the coating layers. 

Figure E-5.  GT-MHR Fuel Element Components 
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The buffer, inner pyrolytic carbon (IPyC), silicon carbide (SiC), and outer pyrolytic carbon 
(OPyC) layers are referred to collectively as a TRISO coating.  The coating system can be 
viewed as a miniature pressure vessel that provides containment of radionuclides and gases.  
This coating system is also an excellent engineered barrier for long-term retention of 
radionuclides in a repository environment. 

The reference fuel type for the NGNP preconceptual design presented herein is UCO.  
However, there is no current supplier of UCO fuel that can support startup of the NGNP in the 
required time frame (i.e., by 2018).  Furthermore, there are no current domestic U.S. sources for 
fabrication of large quantities of coated-particle fuel of any type, such as would be required for 
the NGNP.  Consequently, GA has formulated a fuel acquisition strategy for the NGNP based 
on obtaining TRISO-coated UO2 for the first core fuel load (and possibly one or more reload 
segments) from Nuclear Fuel Industries (NFI) in Japan.  Under the envisioned plan, NFI would 
fabricate the kernels, coated particles, and fuel compacts for the initial core of the NGNP and 
would send the fuel compacts to the U.S. for loading into the graphite fuel blocks.  The primary 
implications of this approach are that the kernel will be UO2 (rather than UCO), the U-235 
enrichment will be limited to 10%, the fuel compacts will be made using the HTTR matrix 
material, and the particle packing fraction in the fuel compacts will be limited to about 35%.  The 
as-manufactured quality of the NFI fuel will be consistent with the desired quality level for NGNP 
as specified in the preliminary AGR fuel product specification. 

GA has evaluated two different reload strategies for a 10% LEU core and determined both to be 
feasible: (1) operate initial cycle through 425 EFPD and then reload the entire core with U.S. 
made fuel, and (2) reload at ~300 EFPD intervals with 10% LEU fuel fabricated by NFI.  If a 
U.S. fuel source is available soon after NGNP startup, NFI strategy 1 would be implemented.  
Otherwise, NFI strategy 2 can be implemented continuously until the U.S. fuel source is 
available.  The results also indicated that a GT-MHR loaded with NFI made fuel, with some 
further optimization of fuel and burnable poison loadings/zonings, can meet a satisfactory core 
physics design with respect to power peaking and fast fluxes. 

The GT-MHR was designed to operate with core inlet and core outlet helium temperatures of 
490°C and 850°C, respectively.  For the GT-MHR, the inlet coolant flow is routed through riser 
channel boxes between the core barrel and vessel as indicated in Figure E-4.  With this 
configuration, the design of the reactor vessel (including wall thickness and materials selection) 
is driven in large measure by the design point selected for the coolant inlet temperature.  The 
design point of 490°C ensures acceptable operating conditions for a reactor vessel 
manufactured from steels that do not experience creep damage at higher temperatures (e.g., 
2¼Cr-1Mo or 9Cr-1Mo-V). 

For the NGNP design, the core outlet helium temperature has been increased from 850°C to 
950°C, in part to compensate for temperature drops through the IHX and maintain high thermal 
efficiency for hydrogen production and other process-heat applications.  The coolant inlet 
temperature was also increased by 100°C to 590°C to provide a sufficiently high coolant flow 
and convective heat-transfer rate within the MHR core that ensures acceptable fuel 
performance and limit release of Ag-110m and other noble-metal fission products that can 
diffuse through intact SiC coatings at high temperatures.  However, this higher coolant-inlet 
temperature would result in reactor vessel temperatures that could exceed the limits for Cr-Mo 
steels if the current GT-MHR flow configuration were used.  For this reason, one of the design 
modifications for NGNP is to route the inlet flow through holes in the permanent side reflector 
(PSR), which places additional thermal resistance between the inlet flow path and reactor 
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vessel and lowers vessel temperatures.  Thermal analyses show this design modification can 
reduce vessel temperatures by approximately 100°C.  

Other design modifications that have been investigated as part of the preconceptual engineering 
studies include modifications to the reactor internal design to reduce bypass flow and 
modifications to the fuel-element design to enhance heat transfer.  In addition, fuel shuffling 
strategies have been investigated that can reduce power peaking factors.  These modifications 
can provide additional margin for fuel temperatures during normal operation, and may allow 
additional reduction of the coolant inlet temperature, such that SA-533/SA-508 steel (used for 
LWR reactor vessels) could be used for the NGNP reactor vessel.  These modifications should 
be analyzed in more detail during subsequent design phases. 

Vessel System

The NGNP Vessel System includes the reactor vessel, the PCS vessel, the IHX vessel, and the 
crossduct vessels that connect these vessels. 

The reference GT-MHR design selected 9Cr-1Mo-V steel for the reactor vessel.  However, GA 
material specialists have recommended against using 9Cr-1Mo-V steel for the NGNP, primarily 
due to expected welding difficulties and lack of manufacturing and operating experience.  
Although the primary coolant temperature for the NGNP is higher than that for the GT-MHR, the 
results of core optimization studies indicate that reactor vessel temperatures can be maintained 
within limits that allow selection of a vessel material having temperature limits lower than 9Cr-
1Mo-V steel.  Accordingly, the material selected for the reactor vessel for the NGNP 
preconceptual design is 2¼Cr-1Mo steel.  However, design alternatives are being considered 
that could potentially lower reactor vessel temperatures to a level that would allow use of proven 
light water reactor (LWR) vessel materials (e.g., SA508/SA533 steel). 

GA has had discussions with two reactor vessel manufactures concerning NGNP vessel 
fabrication, specifically Japan Steel Works (JSW) and DOOSAN Heavy Industries and 
Construction (DOOSAN).  The current maximum cylindrical forging size is limited to 8.2 m 
diameter.  As an alternative approach to forgings, GA material experts suggest manufacturing 
the reactor vessel from rolled plate, or a combination of rolled plant and forgings.  DOOSAN has 
provided GA with vessel manufacturing schemes for both design approaches.

The hot ducts that provide the hot-leg primary coolant flow path from the reactor vessel to the 
PCS and IHX vessels are concentrically located within the crossduct vessels.  The annular 
space between the hot ducts and crossduct vessels provide the cold-leg primary coolant flow 
path from the PCS and IHX vessels to the reactor vessel.  The NGNP hot duct material will be a 
high-temperature alloy (e.g., Incoloy 800H, Hastelloy-XR, or Inconel 617).  The material 
selected for the cross vessels for the NGNP preconceptual design is 2¼Cr-1Mo steel; however, 
it may be feasible to use LWR vessel materials for the crossduct vessels as well as for the 
reactor vessel. 

The material selected for the PCS vessel for the NGNP preconceptual design is SA508/SA533 
steel.  However, if further evaluation concludes that higher temperature material is necessary, 
then 2¼Cr - 1Mo would be used for the PCS vessel as well as the reactor vessel.  The material 
selected for the IHX vessel for the NGNP preconceptual design is 2¼Cr-1Mo steel.  The IHX 
vessel may include a ceramic fiber insulation layer on inside surfaces to maintain operating 
temperatures within the material temperature limits. 
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Because of the large size of the reactor vessel and PCS vessel, transportation of the vessels to 
the Idaho NGNP site may be problematic.  Some on-site assembly of these vessels may 
therefore be necessary.  A study is needed to assess the feasibility of vessel transportation to 
the NGNP site and on-site assembly operations. 

Shutdown Cooling System

The NGNP design has three diverse active heat-removal systems, the PCS, and the Shutdown 
Cooling System (SCS), and the Primary HTS, which can be used for removal of decay heat 
from the reactor.  The SCS is designed to provide decay heat removal when the PCS and the 
HTS is off line.  The SCS consists of a circulator with shutoff valve, a heat exchanger, a control 
system, a shutdown cooling water system, and equipment for servicing the circulator and heat 
exchanger.  As shown in Figure E-3, the SCS heat exchanger and circulator are located at the 
bottom of the reactor vessel.  Under pressurized conditions, the SCS is sized to remove up to 
40 MWt.  When the reactor system is shutdown and depressurized for maintenance or refueling, 
the SCS is sized to remove up to 14.1 MWt.  To ensure high reliability, the SCS can draw 
electrical power from either normal or standby systems. 

Reactor Cavity Cooling System

In the event that the PCS, the HTS, and the SCS are unavailable for decay heat removal, the 
reactor cavity cooling system (RCCS) provides an independent means for removal of core 
decay heat.  The RCCS is a completely passive design that has no pumps, circulators, valves, 
or other active components.  The RCCS receives heat transferred from the reactor vessel by 
thermal radiation and natural convection.  RCCS components include cooling panels that 
surround the reactor vessel, inlet/outlet structures that are located above grade, and a 
concentric duct system with the annular, outer flow path acting as the cold leg and the inner flow 
path acting as the hot leg.  Through a balance of buoyancy and gravitational forces, natural 
convection airflow is established through the RCCS circuit. 

The RCCS is designed to passively remove ~4 MWt when the primary cooling circuit is either 
pressurized or depressurized.  During normal operation, the RCCS provides cooling to the 
reactor cavity concrete structure.  Also, during normal power operation, there is some parasitic 
heat loss to the RCCS.  For passive removal of decay heat, the core power density and the 
annular core configuration have been designed such that the decay heat can be removed by 
conduction to the pressure vessel and transferred by radiation from the vessel to the natural 
circulation RCCS without exceeding the fuel particle temperature limit.  Even if the RCS is 
assumed to fail, passive heat conduction from the core, thermal radiation from the vessel, and 
conduction into the silo walls and surrounding earth are sufficient to maintain peak temperatures 
to below the design limit. 

Power Conversion System

Early versions of the MHR utilized a PCS based on the Rankine cycle (i.e., steam cycle), but a 
direct Brayton cycle was adopted as part of the design evolution that was driven by the need to 
make the MHR more economically competitive with other electricity generation options.  This 
version of the MHR is known as the Gas Turbine – Modular Helium Reactor (GT-MHR).  Helium 
is a good working fluid for a nuclear gas turbine because it does not become radioactive and 
has excellent heat transfer properties.  Additionally, the design and operation of high 
temperature systems with helium as the working fluid are well understood and a substantial 
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knowledge base exists regarding how the unique properties of helium should be addressed in 
the design and operation of the GT-MHR rotating machinery2.

A vertical integrated PCS design was selected for the GT-MHR from trade studies that were 
performed as part of the GT-MHR preconceptual design developed under a joint initiative of the 
DOE and U.S. Utilities over the period 1991- 1994.  The PCS design concept was developed by 
GA, General Electric, and Allied Signal.  In 1994, the GT-MHR was selected as the basis for a 
joint effort by the U.S. and Russia to design a MHR to be used for disposition of weapons-grade 
plutonium.  OKBM was given responsibility for the GT-MHR design development and is the 
Chief Designer of the reactor plant.  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.  Figure E-6 illustrates the vertical integrated PCS design. 

Figure E-6.   GT-MHR Power Conversion System Design Concept 

                                                
2 While the properties of helium influence the gas flow path geometries, the aerodynamic and 
structural design procedures used are similar to conventional air-breathing aeroengine gas 
turbine practice. The high specific power associated with helium operation, together with the 
high gas pressure in the closed helium loop, results in a machine size that is physically smaller 
than industrial and aeroderivative gas turbines currently in utility service. 
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Figure E-7 shows how the helium circulates within the PCS.  High-pressure helium from the 
reactor core outlet plenum flows through the hot duct inside the PCS crossduct vessel to the 
turbine where it expands.  The mechanical energy generated in the turbine is used to drive the 
generator, the low-pressure compressor (LPC), and the high-pressure compressor (HPC), 
which are arranged on a common shaft.  Downstream of the turbine, the helium flows through 
the low-pressure side of a recuperator where heat is transferred to the helium flowing back to 
the reactor through the high-pressure side of the recuperator.  Upon exiting the low-pressure 
side of the recuperator, the helium passes through a precooler, where it is cooled to about 25°C, 
before passing through the LPC.  Following the LPC, the helium passes through an intercooler 
where it is again cooled to about 25°C before passing through the HPC.  The helium then flows 
through the recuperator high-pressure side, where it is heated to the reactor inlet temperature 
and flows back to the reactor through the annular gap between the PCS crossduct vessel and 
the hot duct. 

Figure E-7.  PCS Flow Diagram 

The attractive features of this PCS design include (1) a direct Brayton cycle that improves 
efficiency and economics; (2) a vertical shaft that minimizes blade/stator clearances to reduce 
bypass flows, reduces plant footprint and associated capital costs, allows vertical lifts for 
maintenance, and the use of gravity to offset turbine thrust; (3) electromagnetic bearings that 
reduce energy losses and eliminate the possibility of lubricant ingress into the primary circuit; (4) 
a single stage of intercooling that improves thermal efficiency by about 2%; and (5) a 
submerged generator that eliminates a rotating seal in the primary pressure boundary and 
reduces leakage of primary helium coolant. 

As part of the NGNP preconceptual design engineering studies, Rolls-Royce was tasked to 
perform a technical assessment of the OKBM PCS design.  Rolls-Royce concluded that the 
concept is elegant and achievable, but carries significant key risks, which they identified as 
follows:
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• Recuperator life and cost - very high risk 
• Active electromagnetic bearing/catcher bearing requirements are outside of current world 

experience - high risk 
• Cost of power electronics required for 4400 rpm/286 MW generator anticipated to be large 

(~$50M) - high risk commercially) 

To mitigate the perceived risk associated with the recuperator, Rolls-Royce proposes an 
alternate cross-corrugated design that would be more compact, much lighter in weight, and 
likely less expensive.  However, even with this alternative design, Rolls-Royce considers 
recuperator life in the GT-MHR concept to be a moderately high risk. 

It was recognized from the beginning that the vertical integrated PCS concept poses several 
technical challenges with respect to individual equipment design and equipment arrangement 
within a single PCS vessel.  Given these challenges, PCS design development was carefully 
monitored by the U.S./Russian International GT-MHR Program through a series of design 
reviews, both by internal experts and by independent third party experts.  The results of these 
technical reviews have been thoroughly reviewed and evaluated to identify the uncertainties and 
assumptions (i.e., technical issues) in the science or engineering on which the design is based.  
(In general, the key risks identified by Rolls-Royce are consistent with the results of these earlier 
reviews.)  A series of design data needs were prepared to define the data needed to resolve 
these uncertainties and assumptions, technology development plans were prepared for the 
various system components, and a comprehensive PCS technology demonstration plan was 
prepared to describe the overall technology development and demonstration program. 

OKBM, in collaboration with GA and ORNL, is currently conducting this comprehensive 
technology development and demonstration program under the U.S./Russian International GT-
MHR Program to qualify the OKBM PCS design, which GA considers to be the reference design 
for the NGNP at this time.  GA believes that this PCS technology demonstration program has a 
high probability of establishing the viability of the design before the end of NGNP preliminary 
design.  Nevertheless, the GA Team believes that it would be prudent to develop an alternate 
backup PCS design to mitigate the risk associated with development and demonstration of the 
OKBM design. 

Accordingly, Rolls-Royce was also tasked as part of the NGNP preconceptual design 
engineering studies to explore options for, and to recommend, a potential alternate direct cycle 
design for the NGNP.  The alternative concept proposed by Rolls-Royce that addresses some 
of the key risks identified in the reference concept is a combined cycle, consisting of a 66 MWt 
gas turbine generator with the remainder of the thermal power taken by a conventional steam 
cycle.  The key features of this concept as illustrated in Figure E-8 are: 

• The recuperator is no longer required.  A steam generator would be required, but this is 
considered much lower risk. 

• EM bearing risks are reduced by reducing generator weight from 35 tons to around 10 
tons, and the turbomachiner shaft weight from 32 tons to around 10 tons. 

• Power electronics costs are reduced (since the generator is reduced from ~300 MW to ~66 
MW in the gas turbine part). 

• Plant efficiency is increased, compared with the GT-MHR Brayton cycle. 
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• Steam turbines and steam cycle electrical generators are commercial off-the-shelf (COTS) 
items - low cost and low risk. 

The combined cycle alternative could be expected to have lower plant costs because much of 
the steam machinery is commercial off the shelf, but this saving would be offset by requiring a 
bigger RB and the extra maintenance burden of the steam cycle parts. 
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Figure E-8.  Combined Cycle Alternative Proposed by Rolls-Royce 

Heat Transport System

The NGNP design includes a primary HTS and a secondary HTS.  The primary HTS comprises 
the IHX, the primary coolant circulator, and the hot duct connecting the reactor and the IHX.  
Both the IHX and the helium circulator are contained within the IHX vessel. 

The IHX design (Figure E-9) is based on the printed circuit heat exchanger (PCHE) concept 
developed by Heatric Corporation.  This design consists of metal plates that are diffusion 
bonded to restore the properties of the base metal.  Fluid-flow channels are chemically milled 
into the plates using a technique that is similar to that used for etching printed electrical circuits.  
The PCHE concept allows for simultaneous high-temperature and high-pressure operation with 
relatively thin wall thicknesses between the primary and secondary coolants.  PCHEs are 
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typically four to six times smaller than conventional shell-and-tube heat exchangers of 
equivalent heat duty, and designs have been developed with thermal effectiveness greater than 
98%.

Figure E-9.  Counter Flow HeatricR Heat Exchanger (courtesy of HEATRIC Corp.) 

The basic geometric parameters of the IHX are presented in Table E-4.  Both the primary side 
and secondary side IHX flow channels are the same size.  The log-mean temperature difference 
(LMTD) of the heat exchanger is 25°C and its effectiveness is 93.5%.  The flow rates and 
pressures on the primary and secondary sides of the IHX are essentially the same.  The 
pressure drop on the primary side is 31.2 kPa.  The pressure drop on the secondary side is 
essentially the same at 30.3 kPa. 
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Table E-4.  Basic Geometric Parameters of He-He PCHE IHX 

Parameter Value 

Number of Modules 

Module Height 

Total Module Width (includes edges) 

Edge Distance 

Total Module Length 

Radius of Helium Channels 

Channel Center to Center Spacing 

Channel Offset Pitch 

Height of Offset 

Layer Thickness 

Flow Area per Module 

Heat Transfer Area per Module 

4

1.82 m 

1.026 m 

13 mm 

0.90 m 

1.5 mm 

3.9 mm 

12.7 mm 

2.29 mm 

2.4 mm 

0.3272 m
2

680 m
2

The NGNP IHX requires a nickel-based alloy, such as Alloy 617 due to the requirement to 
operate at temperatures of up to 950°C.  Although the ASME Code does not presently support 
the use of Alloy 617 for stand-alone pressure containment, there appears to be adequate data 
to support design of PCHE modules as internals of the IHX pressure vessel.  The external IHX 
pressure vessel will be designed and fabricated from existing ASME Code material.  The IHX 
vessel is a pressure boundary for the primary helium coolant and will be designed according to 
the ASME Code, Section III. 

An alternate IHX design is a shell and tube, counter-flow heat exchanger, using a helically 
coiled tube.  For an equivalent heat duty and LMTD, this type of heat exchanger is considerably 
larger than a PCHE.  However, this design allows for in-service inspection (ISI) of the heat 
transfer tubes, and an IHX design of this type is connected to the HTTR and has successfully 
operated at 950°C for extended periods.  To reduce the size of the helicoil-coil IHX, the LMTD 
would be increased to 91°C, which would alter the overall system heat balance and results in 
somewhat lower-temperature heat being transferred to the hydrogen-production processes.  
The design conditions for this IHX design are given in Table E-5. 
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Table E-5.  Helical-Coil IHX Design Conditions 

Parameter
Design

Conditions 

Heat Load, MWt 65 

LMTD*,
o
C 91 

Primary Side Fluid Helium 

Primary Side Inlet / Outlet Temperature, 
o
C 950 / 590 

Primary Side Inlet / Outlet Pressure, MPa 6.2 / 6.15 

Secondary Side Fluid Helium 

Secondary Side Inlet / Outlet Temperature, 
o
C 440 / 900 

Secondary Side Inlet / Outlet Pressure, MPa 6.1 / 6.05 

Allowable pressure drop, MPa** 0.05 

*LMTD  =  log mean temperature difference. 

**Tentative condition. 

The primary HTS helium circulator is mounted vertically at the top of the IHX vessel closure 
head and is part of the pressure boundary for the primary coolant.  The helium flow rate can be 
adjusted by varying the speed of the motor.  The circulator includes a loop shutoff valve for 
shutting off primary coolant flow through the circulator (and the primary HTS) when either the 
SCS circulator is operating or the NGNP is operating only to produce electricity. 

The secondary HTS consists of the secondary helium circulators, piping, and isolation valves.  
The secondary HTS uses helium to remove heat from the IHX and transport it to the hydrogen 
production processes.  At the hydrogen production plants, the secondary coolant is divided into 
two flow paths in order to supply 60 MWt to the SI hydrogen production process and ~4 MWt to 
the HTE hydrogen production process.  The secondary HTS circulators return the helium from 
the process heat exchangers back to the IHX. 

Parallel hot leg and cold leg piping is used to transfer the process heat from the IHX to the 
hydrogen production plants.  The piping is assumed to run 90 m in length between the IHX and 
process heat exchangers (PHXs) of either the SI or HTE hydrogen production demonstration 
plant.  The parallel pipe configuration is a simpler design compared to a concentric pipe 
configuration and can more easily accommodate the design features necessary to address 
thermal expansion and isolation valves.  To reduce the pipe wall temperature and to meet the 
requirement for <1% heat loss to the environment, internal insulation is used for both the hot leg 
and cold leg piping.  External insulation is also used to further reduce the heat loss to the 
environment. 

The secondary HTS is assumed to have three isolation valves on each leg – two near the IHX 
and one near the PHX.  Isolation valves are necessary to prevent the propagation of events in 
either the NGNP reactor or hydrogen production plant from affecting the other.  Isolation valves 
are also necessary to perform maintenance on the HTS. 

The design of the secondary HTS helium circulator is expected to be either the same or very 
similar to the primary HTS helium circulator.  The major difference between the secondary HTS 
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circulator and the primary HTS circulator is the absence of a loop shutoff valve whose function 
is performed by the secondary loop isolation valves.  The total pressure drop in the secondary 
HTS is the sum of pressure drops in the IHX, PHXs and piping system.  The design of the PHX 
for either the SI or HTE hydrogen production process is expected to have a pressure drop no 
greater than the pressure drop in the IHX.  Assuming the system uses a single circulator with an 
efficiency of 80%, the total system pumping power would be 1.6 MWe.  An alternate 
configuration is to have two circulators – one dedicated to SI hydrogen production and the other 
dedicated to HTE hydrogen production.  The SI secondary HTS circulator would be sized at 
1.45 MWe while the HTE secondary HTS circulator would be sized at only 120 kW. 

HTE-Hydrogen Production

As described in [Richard 2006b], GA and INL developed a pre-conceptual commercial H2-MHR 
design based on coupling the MHR to Solid Oxide Electrolyzer (SOE) modules.  In that H2-MHR 
concept, the SOE modules are based on the planar-cell technology under development as part 
of the Nuclear Hydrogen Initiative, and involves collaboration between INL and Ceramatec of 
Salt Lake City, UT. 

For the current study, GA has worked with Toshiba Corporation to develop a concept based on 
tubular-cell technology.  The tubular-cell concept requires more cell area per unit volume (which 
may impact capital costs), but appears to have fewer technical issues with regard to sealing 
individual cells, which can have a significant impact on long-term performance.  GA believes 
both the planar-cell and tubular-cell technologies are promising concepts for future 
commercialization, and recommends that both concepts be developed through at least the pilot-
scale demonstration stage so that tradeoffs between capital costs and long-term performance 
can be accurately characterized. 

High-temperature electrolysis requires SOE cells that can operate at temperatures up to 
approximately 850°C.   Figure E-10 shows a schematic of the Toshiba SOE cell design.  The 
electrolyte is Yttria-Stabilized Zirconia, the anode (oxygen electrode) is LSM (Strontium-doped 
Lanthanum Manganite), and the cathode (hydrogen electrode) is Ni-YSZ (a mixture of metallic 
Nickel and Yttria-Stabilized Zirconia).  

Figure E-10.  Schematic of SOE Cell Concept  
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The HTE-based hydrogen production plant for the NGNP will utilize ten SOE modules, with 
each module containing approximately 18,000 SOE cells and producing 600 Nm3 of hydrogen 
per hour (0.015 kg/s).  Modules of the same size would be used for a commercial-scale plant.  
Figure E-11 shows the pre-conceptual SOE module concept.  SOE module design parameters 
are given in Table E-6.  The module pressure vessel is designed to last the 60-yr plant lifetime.  
The electrolyzer cells are expected to last between 5 and 10 years before requiring 
replacement, but additional technology development/demonstration is required to determine 
actual cell lifetime. 

In the HTE-process, make-up water is mixed with recycled water and then heated and 
vaporized.  The steam is mixed with recycled hydrogen before it is supplied to the SOE modules 
in order to ensure reducing conditions and prevent oxidation of the hydrogen electrodes. The 
flow sheet includes heat exchangers to recuperate heat from the hydrogen/steam and 
oxygen/steam streams exiting the electrolyzer modules and drums to separate moisture from 
these streams.  A small expander turbine (T-201) is used to recover energy from oxygen stream 
and generate more than sufficient electricity for pumps, compressors, and other electrical loads 
associated with the process. 

For the present study, electricity is assumed to be generated with a thermal efficiency of 50.5%, 
which corresponds to an inlet temperature of 950°C to the PCS.  The ten SOE modules require 
a total of 18.6 MWe and T-201 produces a net 0.33 MWe after process electrical loads are 
taken into account.  A total of 3.567 MWt of heat is supplied to the process through the IHX.  
Using the higher-heating value of hydrogen, the thermal energy of the hydrogen produced is 
21.3 MWt.  The overall efficiency of the process is estimated to be ~53%. 

SI-Hydrogen Production

The Sulfur-Iodine (SI) cycle produces hydrogen from water through a series of three chemical 
steps (or sections) as depicted in Figure E-12. 

Two immiscible acid phases are created by combining excess water with iodine and sulfur 
dioxide, and their separation is facilitated by an excess of iodine.  This step is known as the 
Bunsen reaction and is designated as Section 1.  The resulting sulfuric acid phase is 
decomposed back into sulfur dioxide for reuse.  This step (Section 2) is the highest temperature 
point (>800°C) in the process.  Hydrogen iodide is separated from water and iodine in Section 3 
before being decomposed into hydrogen and more iodine.  Decomposition typically occurs 
between 300 - 500°C.  The water and iodine are returned for reuse. 

The Bunsen reaction is the initial step in the SI process.  Gaseous sulfur dioxide is contacted 
with water and molten iodine to form sulfuric acid and hydrogen iodide (HI).  Typical operating 
conditions are 5 to 7 bar pressure and 120°C in temperature.  Products are exchanged in each 
direction between Sections 1 and 2, and between Sections 1 and 3.  Acid concentrations are 
increased in a multi-step process within Section 1, and sulfur compounds are stripped from the 
HI phase before it is sent to Section 3.  The oxygen product from the SI cycle is vented from 
Section 1.  No heat energy is required in Section 1 and only liquid pumping power is necessary.  
The unused energy of the SI cycle is largely ejected in Section 1 in the form of low-grade heat. 
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Figure E-11.  Pre-Conceptual SOE Module Concept (dimensions are in mm) 
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Table E-6.  SOE Module Design Parameters 

Design Parameter Value 

Internal design temperature, °C 900 

Inlet/outlet temperatures, °C 815/849 

Vessel temperature, °C 200 

Vessel pressure, MPa 5 

P between anode and cathode, MPa 0 

Hydrogen electrode inlet gas composition, H2/H2O mole fraction 0.1/0.9 

Hydrogen electrode outlet gas composition, H2/H2O mole fraction 0.9/0.1 

Oxygen electrode inlet gas composition, O2/H2O mole fraction 0.0/1.0 

Oxygen electrode outlet gas composition, O2/H2O mole fraction 0.6/0.4 

Electrolysis cell shape Cylindrical 

Current density, A/cm
2
 0.6 

Operating voltage, volts 1.304 

Electrical energy input, MW 1.86 

Hydrogen production rate, Nm
3
/h 600 

Figure E-12.  Sulfur-Iodine Cycle 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 xxx

The sulfuric acid phase generated by the Bunsen reaction is decomposed back into sulfur 
dioxide for recycle and reuse in Section 2.  The acid is concentrated in a series of vaporizers 
before boiling.  Sulfur trioxide is produced in the gas phase and sent to a high-temperature 
(>800°C) decomposition step to produce sulfur dioxide and oxygen.  Process heat transported 
from the reactor via the secondary HTS is introduced into the cycle in Section 2.  As stated 
above, Section 1 requires no heat input, and Section 3 heat is supplied through interaction with 
Section 2.  Thus, the only link between the nuclear heat source and the SI process is through 
heat exchange in the sulfuric acid decomposition step. 

Several methods have been proposed for decomposition of HI in Section 3.  Reactive distillation 
is attractive given that the flowsheet estimated efficiency is approximately 45%.  However, the 
only recent experimental work done (by GA) did not show promising results.  The presence of 
iodine in the distillation column severely hampered conversion of HI.  Thus, extractive distillation 
(previously demonstrated by GA) of the HI-water-iodine (known as HIx) feed has been chosen 
as the technique to be used in the integrated laboratory scale experiment being assembled at 
GA under the NHI Program. 

Figure E-13 plots SI cycle process thermal efficiency as a function of the heat energy 
temperature supplied to the process.  Realistic estimates for the overall efficiency of the SI 
process are under 50% for the temperature ranges within consideration.  However, the thermal 
efficiency will remain above 40% for temperatures as low as 800°C. 

Figure E-13.  SI Cycle Process Efficiency vs. Process Heat Temperature 
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Reactor Building

The RB for the NGNP 600-MWt reactor is classified as a vented low-pressure containment 
(VLPC).  The RB consists of a below-grade multi-celled, embedded structure and the RCCS 
inlet/outlet structures, both of which are constructed of cast-in-place reinforced concrete.  The 
degree of embedment was selected to serve a number of objectives, including reduced cost and 
complexity of construction, ease of operation, minimization of shielding, and good seismic 
performance.  There are two floors below grade with a rectangular footprint which are used to 
house mechanical, electrical, and instrumentation systems.  A number of additional mechanical 
and electrical systems which do not require radiation shielding or protection from external 
hazards are designed to be delivered to the site as prefabricated modules and located at grade 
outside the maintenance enclosure.  The operating floor of the plant is set at site grade, with a 
maintenance enclosure covering the operating area, which is traversed by refueling equipment.  
Figure E-14 shows the RB and the above-grade maintenance enclosure. 

The RB below elevation -30 ft is configured as a cylinder to enable it to resist soil and 
groundwater pressure.  The Reactor System, Vessel System, and PCS are located within this 
space as shown in Figure E-14.  The reactor vessel, PCS vessel, and IHX vessel are housed 
within separate concrete compartments of roughly equal dimensions as shown in Figure E-15.  
The IHX is expected to be only about 3.8 m in diameter and 16 m high, but the compartment for 
the IHX is about the same size as the compartment for the PCS.  This large cavity for the IHX 
allows for use of a much larger heat exchanger should this become desirable or necessary.  
The reactor core and IHX are connected by a cross duct that is tapered to allow for IHX size 
adaptation while maintaining vessel integrity at the reactor nozzle end. 

The length and diameter of the PCS vessel control the dimensions of the silo.  The silo depth 
must also accommodate the machinery used to service the shutdown cooling circulator and 
heat exchanger.  Access to and from the cylindrical portion of the building for piping, electrical 
services, personnel, and the concentric RCCS ducting is made from the rectangular portion of 
the building between elevations -30 ft and grade.  Access for refueling and for major 
maintenance activities is from the operating floor.  There are two extensions of the reinforced 
concrete RB above grade.  On the east side of the RB, the reinforced concrete portion of the 
building extends to elevation +95 ft 6 in. to serve as the RCCS elevated inlet-outlet structure. 

The RB is divided into two distinct zones for purposes of the heating, ventilating, and air 
conditioning (HVAC) design.  The cells containing the Helium Purification Train, the vent path 
sections above grade and west of the maintenance enclosure, and most of the cells in the 
cylindrical portion of the building have been designed to form a closed, interconnected space 
which is normally isolated from the environment.  Air is recirculated internally and heat is 
removed by chilled water-cooled air handling units.  The balance of the rectangular portion of 
the building, the personnel access stairways, the personnel elevator shaft into the silo portion of 
the building, and the space below the reactor vessel have been designed to be conditioned by a 
once-through flow of heated or cooled air. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 xxxii

Figure E-14.  Elevation View of Reactor Building (IHX vessel not shown) 
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Figure E-15.  Plan View of Below-Grade Silo Portion of Reactor Building 
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The RCCS panels, at the location where they enter the closed portion of the RB, are regarded 
as part of the VLPC boundary.  In essence, air flowing inside the RCCS ducts and panels is 
outside the containment boundary.  The walls, doors, plugs, and other barriers which separate 
the closed, recirculated portion of the building from the once-through cooled portion of the 
building or from the outside environment (including the RCCS panels and ducts) constitute the 
fourth containment barrier.  Leakage from within this portion of the RB to the other part of the 
RB or to the environment has the potential to transport fission products from the containment to 
the environment.  This space is also the portion of the RB that is affected by the specified 
building leak rate.  It is expected that essentially none of the leakage which occurs will be from 
the surfaces of the building which are in contact with the soil, and that the specified leak rate 
represents an upper bound on the exchange which could occur between the building interior 
and the environment, since the pressure (and therefore the leakage) will normally decrease over 
the course of an accident. 

Plant Assessments

As part of the preconceptual design studies, assessments of the NGNP were performed in the 
areas of safety, licensing, and economics. 

Safety Assessment

Passive safety features of the MHR concept include the (1) ceramic, coated-particle fuel that 
maintains its integrity at high temperatures during normal operation and loss of cooling events; 
(2) an annular graphite core with high heat capacity and a low power density that limits the 
temperature rise during loss of cooling; (3) a relatively low power density that helps to maintain 
acceptable temperatures during normal operation and accidents; (4) helium coolant that is inert, 
remains single phase, and is neutronically transparent; and (5) a negative temperature 
coefficient of reactivity that ensures control of the reactor for all credible reactivity insertion and 
loss-of-coolant events.  These features assure sufficient decay heat removal to an ultimate heat 
sink by the natural processes of radiation, conduction, and convection, to preclude any 
significant particle coating failure or radionuclide release under all conditions of loss of forced 
cooling or loss of coolant pressure.  The fuel, the graphite, the primary coolant pressure 
boundary, and the low-pressure vented containment building provide multiple barriers to the 
release of fission products. 

In the design of the NGNP, the desirable inherent characteristics of the helium coolant, graphite 
core, and coated fuel particles are supplemented with specific design features to ensure passive 
safety.  The release of large quantities of radionuclides is essentially precluded by the fuel 
particle ceramic coatings, which are designed to retain nearly all fission products during normal 
operation and to remain essentially intact during licensing basis events.  The integrity of the 
particle coatings as a barrier is maintained by limiting heat generation, assuring means of heat 
removal and by limiting the potential effect of air and water ingress on the particles under all 
potential accident conditions.  These characteristics tend to dominate the safety of the plant as 
a whole and serve to prevent and mitigate accidents.  In particular, these characteristics, 
supported by safety system design, are effective in retaining radionuclides at the source within 
the coated fuel particles.  Containing radionuclides at the source reduces all risks, including 
health and safety risks, environmental risks, and risks that operation will be interrupted by a 
release and lengthy recovery time. 
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Although the fuel particle ceramic coatings are the most important barrier to the release of 
fission products, there are actually five principal fission product barriers in the NGNP as shown 
in Figure E-16.  Three of the barriers are pressure-retaining barriers (e.g., the fuel particle 
coatings, the primary coolant pressure boundary, and the vented low-pressure containment 
building) that are capable of retaining radionuclides.  The other two barriers are the fuel kernels 
and graphite structural elements; these barriers provide effective retention of some 
radionuclides. 
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Figure E-16.  MHR Radionuclide Containment System 

On the basis of prior safety assessments, the major systems, structures, and components 
(SSCs) that are relied upon to perform one or more safety functions (e.g., ensuring safe 
shutdown and protection of the primary coolant pressure boundary), or are otherwise relied 
upon to meet the dose criteria at the site boundary are as follows: 

• Reactor System including neutron control assemblies, ex-vessel neutron detectors, the 
reactor internals, reactor core, and fuel. 

• Vessel System including the ASME Section III vessels and pressure relief. 
• RCCS including the entire system as required for removal of residual heat. 
• Reactor Protection System (RPS) including all sensors, control logic, and housings 

supporting safety trips. 
• Fuel storage pools and wells which are part of the Reactor Service Building. 
• Essential AC and DC power systems. 
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These safety systems have been provided to mitigate the consequences of all design basis 
accidents and to protect the five barriers to the release of radionuclides.  Some of these 
systems act to protect the fuel particles; some protect the primary coolant pressure boundary; 
some protect the containment; and some protect several barriers at the same time.  Maintaining 
barrier integrity constitutes the NGNP safety function; accident prevention and mitigation is the 
process by which these functions are accomplished.  Consistent with the simple, yet robust, 
safety design approach of the GT-MHR, only this relatively modest number of SSCs is seen as 
being important for ensuring public health and safety.  Equally important, this equipment can be 
seen to reflect the utilization of passive features. 

The bounding design basis events (DBEs) for the NGNP will be a loss of flow leading to a high 
pressure conduction cooldown (HPCC) and loss of coolant leading to a low pressure conduction 
cooldown (LPCC).  The HPCC event is typically initiated by trip of the PCS.  The RPS 
automatically initiates a reactor trip on low flow or turbomachine trip.  Because the system 
remains at high pressure, the decay heat is more uniformly distributed within the core and 
vessel than during a LPCC event.  The LPCC event is typically initiated by a small primary 
coolant leak, causing the system to depressurize to atmospheric pressure.  The RPS 
automatically initiates a reactor trip on low coolant pressure.  For both events, the SCS fails to 
start and decay heat is removed by thermal radiation and natural convection from the reactor 
vessel to the RCCS). 

These events have been analyzed in detail for a MHR operating with a reactor outlet coolant 
temperature of 950°C, and the results show that peak fuel temperatures remain below the 
design goal of 1600°C, and the temperatures for the vessel and other safety-related SSCs also 
remain below acceptable limits.  For the LPCC event, the peak fuel temperature is 1525°C and 
occurs about 60 hours following initiation of the event.  For the HPCC event, the peak fuel 
temperature is 1349°C and occurs about 50 hours following initiation of the event.  The 
calculated peak vessel temperatures for the HPCC and LPCC events are approximately 478°C 
and 517°C, respectively.  For both events, the peak vessel temperatures occurred about 72 h 
following initiation of the event. 

Hydrogen Plant Hazards Analysis

A preliminary hazards assessment (PHA) for the NGNP prototype SI-Hydrogen plant was 
performed.  Both the SI-based plant and HTE-based plant have hazards associated with 
hydrogen, electricity, and high-temperature heat, but the hazards for the SI-based plant are 
expected to be more bounding because of the chemicals involved. 

The results of the NGNP SI-hydrogen plant PHA are typical for a modern chemical plant built in 
the United States.  The unit operations in the hydrogen plant (distillation columns, chemical 
reactors, heat exchangers, etc.) are standard chemical processes with mature technology that 
will be extensively tested prior to deployment in the NGNP.  There is no currently anticipated 
inherent excessive risk in the thermochemical production of hydrogen that would preclude 
licensing of the NGNP or commercial-scale hydrogen productions plants based on the 
processes demonstrated in the NGNP. 

An attractive feature of the GT-MHR plant for electricity production is siting flexibility, because 
no plan for public evacuation is required as the result of the MHR’s passive-safety features.  For 
a commercial-scale H2-MHR, a potential issue that requires further evaluation is whether or not 
a public evacuation plan is required because of potential accidents that could cause chemical 
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releases from the SI-hydrogen plant.  However, chemical releases should not impact the 
passive safety of the reactor system. 

NGNP Licensing Approach

All nuclear power plant applications in the United States require a safety review, an 
environmental review, and an antitrust review by the NRC.  The NGNP is subject to Title 10, 
"Energy," of the Code of Federal Regulations and those regulations applicable to a Class 103 
Commercial Power Reactor, as defined in 10CFR50.22.  The regulations and licensing options 
that are potentially available for licensing the NGNP include 10CFR50, 10CFR52, 10CFR53 and 
"License by Test."  The licensing approach for the NGNP is expected to reflect existing 
regulatory regulations and guidance, deterministic safety criteria, and risk-informed evaluations. 

10CFR50, “Domestic Licensing of Production and Utilization Facilities” is the two-step licensing 
process used by currently operating commercial nuclear power plants.  The 10CFR50 licensing 
process has been in use for more than forty years and is well understood.  Thus, the risks 
associated with licensing under 10CFR50 are known.  This process requires both a construction 
permit and an operating license.  NGNP licensing using this process will require a Preliminary 
Safety Analysis Report, a Final Safety Analysis Report and the supporting Environmental 
Report and Environmental Impact Statement.  The 10CFR50 licensing process supports plant 
design and construction as parallel activities.  Taking advantage of the ability to start 
construction in parallel with design evolution has potential schedule advantages, but also 
involves some risks. 

Implementation of a 10CFR52 licensing process for the NGNP would be problematic given that 
the plant design will lack the design maturity needed to support the required Combined 
Operating License Application (COLA).  The project schedule does not support development of 
a detailed COLA.  In addition, there is considerable uncertainty associated with the 10CFR52 
process.

10CFR53 is not a viable option for the NGNP because two major activities yet to be developed 
by the NRC in support of Part 53 include development of the technical basis for 10CFR53 and 
rulemaking development of the regulations and associated guidance. 

A “license by test” philosophy for the NGNP has been discussed in a variety of forums including 
meetings of the Advisory Committee on Reactor Safeguards (ACRS).  The discussions have 
centered on building a full-size demonstration facility and performing a series of tests to identify 
the dominant risk contributors for the facility and to preclude extra features in the design that do 
not provide additional margin of safety.  The data from the testing would by used to certify the 
design.  However, no current regulatory framework exists and no regulatory framework has 
been formally proposed by the NRC for “license by test”. 

Besides the absence of a licensing framework, a "license by test" approach would be a high-risk 
option.  Testing could severely stress structures, systems and components (SSCs) 
necessitating repair, supplemental analysis, reductions in qualified life, and possible component 
replacements.  This could adversely affect the ability of the facility to achieve its long-term 
mission of 30-years operation, and the potential loss of availability and additional operational 
costs could significantly impact investment.  The ability to secure financial backing could also be 
adversely affected given the implications of negative testing results on an essentially completed 
plant.
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Based upon the above factors, a "license by test" approach does not appear to be viable for 
obtaining a NRC license for the NGNP demonstration facility.  However, while testing alone will 
not be sufficient for facility licensing, testing will undoubtedly be a very important constituent of 
the NGNP licensing process.  Testing can be used to validate many of the analytical results 
presented in the SAR regardless of the licensing process used.  One key area of concern is 
whether full fuel qualification can be achieved in time to support the planned NGNP operation 
date and so fuel qualification may be a candidate for licensing by test. 

In conclusion, following the 10CFR50 licensing process for the NGNP is the most prudent 
approach at this time.  The 10CFR50 licensing process supports plant design and construction 
as parallel activities.  Taking advantage of the ability to start construction in parallel with design 
evolution has schedule advantages and a chance to manage the better understood financial 
risk.  Also, the 10CFR52 (or perhaps 10CFR53) licensing documents needed to support NGNP-
based follow-on commercial plants should be developed based upon the NGNP 10CFR50 
Operating License (OL) phase documents including the Probabilistic Risk Assessment as 
approved by the NRC.  This will facilitate the submittal and approval of future commercial plant 
license applications.  Under either 10CFR50 or 10CFR52, extensive pre-construction permit 
application interaction with the NRC will be necessary to apprise the NRC staff and to better 
define the acceptance criteria for licensing the NGNP.   

In addition to NRC licensing requirements, environmental permitting will also be required.  
Permits will be required from the US Environmental Protection Agency (EPA), the Idaho 
Department of Environmental Quality (IDEQ), the US Army Corps of Engineers (COE), and 
other cooperating local agencies.  

NGNP Capital Cost Estimate

An NGNP capital cost estimate was prepared using the Generation IV International Forum Code 
of Accounts in organizing the capital costs.  The estimate was based on prior capital cost 
estimates for the GT-MHR as supplemented by hydrogen plant cost estimates developed by the 
GA Team.  Table E-7 summarizes the NGNP capital costs. 

NGNP 30-year Operating Costs

The 30-year NGNP operating costs are estimated to consist of (1) operations and maintenance 
(O&M) costs, (2) nuclear fuel costs, and (3) decommissioning costs.  The total estimated NGNP 
30-year operating costs in constant 2007$ is $2,975.  Each of the 30-year cost components is 
the product of cost per year in 2007$ times 30 years.  The as-spent (or nominal $) 30 year costs 
would be the summation of the nominal cost for each of the years where the nominal cost for 
each year is the 2007$ cost per year times the cumulative inflation rate for each year. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 xxxix

Table E-7.  NGNP Capital Cost

 GIF COA  2007$ (In 1,000s) 

CAPITALIZED PRE-CONSTRUCTION COSTS 1 CPC 117,850 

Base Cost 11 – 18  117,850 

Contingency (0%) 19  See Below 

CAPITALIZED DIRECT COSTS 2 CDC 837,447 

Base Cost w/o Initial Fuel Core 21 – 28  703,447 

Initial Fuel Core Load   134,000 

DIRECT CONSTRUCTION COSTS 1 + 2 DCC 955,297 
    

CAPITALIZED INDIRECT SERVICES COST 3 CIC 1,759,873 

FIELD INDIRECT COSTS 31-34 FIC 193,003 

Temporary Construction Facilities   74,651 

Construction Tools and Equipment   42,475 

Payroll Insurance and Taxes   50,929 

Permits, Insurance & Local Taxes   1,866 

Plant Startup and Test   23,082 

TOTAL FIELD COST 10 - 34 TFC 1,148,300 

FIELD MANAGEMENT COST 35 - 38 FMC 1,566,870 

R&D for Design   492,000 

Conceptual Design   139,000 

Preliminary Design   279,000 

Final Design   593,000 

Field Office Expenses   12,558 

Field Job Supervision   46,927 

Field Quality Assurance   4,385 

BASE CONSTRUCTION COST 1 + 2 + 3 BCC 2,715,170 
    

CAPITALIZED OWNER COST 4 COC 82,170 

Project Management Expenses   19,226 

Staff Training and Administration   43,993 

General and Administrative   18,951 

CAPITALIZED SUPPLEMENTARY COSTS 5 CSC 78,829 

Fees, Taxes and Insurance   16,373 

Spare Parts & Capital Equipment   62,456 

OVERNIGHT CONSTRUCTION COSTS 1 + 2 + 3 + 4 + 5 OCC 2,876,169 
    

CAPITALIZED FINANCIAL COST (Esc., Fees & IDC) 6 CFC --- 

CONTINGENCY (20%)   575,234 

TOTAL CAPITAL INVESTMENT COST 1+2+3+4+5+6+  
Contingency 

TCIC 3,451,403 
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Economic Assessment for Commercialization

Two commercial nuclear hydrogen plant variations were evaluated with respect to their 
hydrogen production cost versus a projection of the future market value of hydrogen.  The two 
plant variations include: 

1) An nth-of-a-kind nuclear hydrogen production plant consisting of two 600-MWt MHR 
modules providing process heat to a SI-based hydrogen production plant and two 600-
MWt MHR modules dedicated to electricity production to provide the electric power 
needed by the SI-based hydrogen production plant 

2) An nth-of-a-kind HTE-based nuclear hydrogen production plant consisting of four 600-
MWt MHR modules providing both process heat and electricity to the HTE-based 
hydrogen production plant having 292 H2 production units each consisting of eight 
modules of planar SOE cells 

The commercial assessment for each of the plant variations involved development of a capital 
cost estimate and operating cost estimate (including O&M, fuel, and decommissioning costs) for 
the plant and an estimate of the amount of hydrogen produced by the plant in order to calculate 
the unit cost of hydrogen production.  This unit cost was then compared against the projected 
market value of hydrogen that was estimated as part of the NGNP end-products study. 

Table E-8 summarizes the result of the commercial assessment.  The overall hydrogen 
production cost in the SI-based plant and the HTE-based plant were estimated to be about 2.26 
$/kg and 2.22 $/kg, respectively.  In both plants the hydrogen production cost is about 10% 
below the projected market value of hydrogen.

Table E-8.  Commercial Plant Hydrogen Production Costs vs. Hydrogen Market Value 

NOAK SI-H2-MHR 
Commercial Plant 

SI-MHR $/kg 
Delta

@ 2.5 $/kg 

NOAK HTE-H2-MHR 
Commercial Plant 

HTE-MHR
$/kg Delta 

@ 2.5 $/kg 

 Credit 
$/kg 

Prod.
Cost $/kg 

 Credit 
$/kg 

Prod.
Cost $/kg 

H2 production cost w/o credits NA 3.14 -0.64 NA 2.40 0.10 

Electricity Credit @ 106 
mil/kWh

0.70 --- --- None None None 

H2 cost with electricity credits NA 2.44 0.06 NA 2.40 0.10 

O2 Credit @ 23 $/Tonne 0.18 --- --- 0.18 --- --- 

H2 cost with electricity and O2 
credits

NA 2.26 0.24 NA 2.22 0.28 

NOTE: Delta = 2.5 $/Kg minus the H2 Production Cost in $/Kg 
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NGNP Project Schedule

An integrated NGNP Project schedule based on the Work Breakdown Structure (WBS) provided 
by INL was developed consistent with NGNP Project execution option 2 presented in the NGNP 
Preliminary Project Management Plan.  For this schedule option, Critical Decision-1 is 
scheduled for 2008, with the expected date for initial operations (following completion of the pre-
operational test program) in 2018.  A two-to-three-year demonstration period to demonstrate 
proof of performance, including inspections to assess component performance, follows the start 
of initial operations.  The approach taken in developing the NGNP Project schedule presented in 
this PCDSR was to “lock-in” the initial operation milestone (2018) and completion of the 
demonstration period (2021), while working backward to determine the front-end milestones and 
durations necessary to support project completion in these timeframes.  By definition, this 
“backward pass” through the schedule logic identifies key interface points between the 
responsible team members and organizations.  This approach serves the dual purpose of 
establishing priorities (critical path) and key decision points for the management team to focus 
on in order to minimize schedule risk for the overall project. 

Consistent with INL’s requirements, the schedule was developed to Level III detail, with 
additional detail (Level IV) for the Conceptual Design phase.  Key schedule milestones include: 

• Initiate Conceptual Design/Trade Studies - 2007 
• Approve Preliminary Baseline (CD-1) – Oct 2008 
• Approve Performance Baseline (CD-2) – Oct 2010  
• Approve Long Lead Procurement (CD 2/3) – Nov 2011 
• Approve PSAR – Dec 2011 
• Approve Start of Construction (CD-3) – Dec 2012  
• Issue NRC Operating License – Dec 2017 
• Approve Start of Operations (CD-4) – Dec 2018 
• Commercial Demo plus Inspections – 2018 to 2021 

Data utilized for resource loading the schedule was per the NGNP capital cost estimate 
presented in this PCDSR.  The direct hour loading on the levelized schedule shows a peak craft 
loading of approximately 625 (FTE).  Figure E-17 shows resource loading (man hours) by year 
based on the levelized schedule.  The direct hour loading on the levelized schedule shows a 
peak craft loading of approximately 625 full-time employees.  This number does not necessarily 
represent onsite personnel, as offsite fabrication and multi-shifting will be utilized.  Figure E-18 
shows a cash-flow profile developed from the levelized schedule (with contingency). 
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Figure E-17.  Resource Loading (Hours) Based on Levelized Schedule 

Figure E-18.  Cash-Flow by Year Based on Levelized Schedule (with Contingency) 
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Given the current level of available detail, the schedule represents what can generally be 
viewed as an achievable plan to meet the goal of the PPMP.  However, the current execution 
plan indicated to the GA Team by INL is to start “Conceptual Design” (or more specifically, 
additional trade studies to support design selection) on or about October 1, 2007 under contract 
extensions with the current reactor vendor teams.  Completion of the Conceptual Design report 
would be scheduled for July 2009, with CD-1 shortly thereafter.  This puts the project schedule 
approximately one year behind the timeline established in the PPMP.  Due to current 
uncertainties with respect to project execution, this apparent delay is not addressed in the 
NGNP Project schedule presented herein.  However, the following observations are relevant: 

• Based on a critical path analysis, Conceptual Design is on the zero float critical path.  
Therefore, any delay in the completion of Conceptual Design will have a day for day 
impact on the Project Completion date, unless mitigating steps are taken.  Principally, 
these steps would start with attempting to shorten the overall duration of Conceptual, 
Preliminary, and/or Final Design, as these phases are in series and can only be minimally 
overlapped.  One specific measure that has been mentioned that may shorten the 
Conceptual Design phase is the use of the US/Russian International GT-MHR design 
information.  Other options also need to be explored. 

• Less likely options for shortening the overall critical path include fabrication and delivery of 
the reactor vessel (36 months is already considered minimal lead time for a non-forged 
vessel), and the Licensing and Regulatory phase (lead times and review durations fixed by 
others).

• Although there may be some room for improvement in the construction schedule (which at 
this time exists at a moderately high level of detail), the likelihood of gaining up to a year in 
duration is remote. 

In summary, it is likely that any recovery time to be gained in the schedule will come from a 
combination of compressing the design schedule (Conceptual, Preliminary, Final), as well as 
detailing out the Construction schedule to develop strategies for possible schedule compression 
during that phase.  As discussed, approximately one year will need to be recovered if the 
2018/2021 timetable is to be maintained. 

Technology Development

The Statement of Work (SOW) for the preconceptual engineering services contract under which 
this PCDSR has been prepared defines critical structures, systems, and components (SSCs) as 
“those components that are not commercially available or do not have proven industry 
experience,” and requires that the critical SSCs for the NGNP be identified and defined down to 
the component level.  By definition, the critical SSCs are those components for which 
technology development and/or design verification testing is required.  These critical SSCs 
include essentially all of the components of the reactor system (e.g., the fuel, the control rods, 
the hot ducts, and other reactor internals); the reactor, PCS, and IHX vessels; certain 
components of the PCS and the PCS as a whole; the helium circulators, IHX, and isolation 
valves in the heat transport systems; the process heat exchangers in the hydrogen production 
processes, the SOEC’s in the HTE-hydrogen plant; the SI-process as a whole, and the various 
plant instrumentation and control systems.  The NGNP critical SSCs and the associated design 
data needs (DDNs) for these SSCs have been systematically identified in the Technology 
Development Plan (TDP) that was prepared by the GA Team as part of the subcontract work 
scope.
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Methodology for Integration of Design with Technology Development

It is recommended that future NGNP design work be closely coupled with ongoing and planned 
technology-development programs to ensure that the data obtained by these programs satisfies 
specific needs of the NGNP design.  Figure E-19 illustrates the model that GA has used for 
integration of design with technology development on successful programs conducted and 
managed for DOE projects, including Accelerator Production of Tritium, the Salt Waste 
Processing Facility, the commercial GT-MHR, and the New Production Reactor. 
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Figure E-19.  Integration of Design with Technology Development 

Technology Development Plan

A Technology Development Plan (TDP) to focus and prioritize the R&D programs needed to 
support the NGNP based on the preconceptual design presented in this PCDSR.  The status of 
the various technologies needed to support NGNP design and licensing was reviewed and 
summarized (to define the state of the technology), and DDNs were defined where the current 
data base was judged to be inadequate (to define what needs to be done to advance the 
technology to support NGNP design and construction).   
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The effort in preparing the TDP was concentrated in the five specific areas of research, called 
“Major Project Elements,” outlined in The Energy Policy Act of 2005, plus an additional research 
area that was added in the NGNP PPMP.  These areas include: 

• High-temperature hydrogen production technology development and validation 
• Power conversion technology development and validation 
• Nuclear fuel development, characterization, and qualification 
• Materials selection, development, testing, and qualification 
• Reactor and balance-of-plant design, engineering, safety analysis, and qualification 
• Energy transfer, which includes the IHX and the secondary HTS. 

In principle, the GA Team agrees that these are the priority R&D areas for the NGNP and this is 
reflected by the structure and content of the TDP. 

Many of the resulting NGNP DDNs, particularly those related to the Reactor System and PCS 
are the same or similar to the commercial GT-MHR DDNs, but new DDNs have been identified, 
particularly for the IHX and the hydrogen production processes.  The DOE-sponsored 
technology programs intended to support the NGNP, including the various NGNP R&D 
programs and the DOE Nuclear Hydrogen Initiative (NHI) programs, were then evaluated, and 
their responsiveness to the DDNs was assessed.  Table E-9 summarizes the results of the 
evaluation.

Overall, the current NGNP and NHI R&D plans were found to be adequate to meet the DDNs 
with a number of important exceptions that are described in the TDP by technology area.  
However, with the notable exception of the AGR fuel development plan, these R&D plans are, in 
general, too high level and largely qualitative in nature (e.g., few test matrices, etc.).  
Consequently, a general recommendation is that the NGNP and NHI program plans be revised 
to tie them directly to the NGNP DDNs and that they be better quantified.  Without more 
specificity, it is not clear what data will be available at what time, and it is not possible to judge 
the reasonableness of the R&D cost estimates. 
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NGNP Fuel Acquisition Strategy

Some proponents of the NGNP, including the ITRG, advocate the use of UO2 fuel for a 
prismatic-block MHR heat source because of its more extensive irradiation and safety testing 
data base and/or the belief that UO2 is considerably easier to manufacture, but GA believes that 
for successful commercial deployment of prismatic block VHTRs, UCO fuel with higher burnup 
capability must be demonstrated during operation of the NGNP.  However, it is unlikely that the 
AGR Fuel Program will be able to qualify UCO fuel in time to support the current NGNP option 2 
strategy schedule, which calls for startup of the NGNP by 2018.  Another problem for early 
startup of the NGNP is that there is currently no capability anywhere in the world to mass 
produce TRISO-coated UCO fuel and it is unlikely that such capability will arise in time to 
manufacture the first core fuel load for the NGNP by 2018.  Furthermore, there is currently no 
fuel vendor in the U.S. that has the capability to make an initial core of coated-particle fuel of 
any type for a 600-MWt prismatic-block MHR within a time frame compatible with the option 2 
timeline in the NGNP PPMP.  GA believes that NFI, which has produced the TRISO-coated UO2

fuel for the 30-MWt HTTR in Japan has the largest and most advanced capability to mass 
produce coated-particle fuel at this time. 

Given these realities, GA has formulated a fuel acquisition strategy for the NGNP based on 
obtaining TRISO-coated UO2 for the first core fuel load from NFI.  However, GA views use of 
NFI fuel for the NGNP first core fuel load (and possibly one or more reloads) only as an 
expedient to allow startup of the NGNP by 2018.  GA strongly recommends that the NGNP 
Project develop a domestic supply of UCO coated-particle fuel (assuming that the NGNP is a 
prismatic block MHR) In order to meet the NGNP project objectives. 

Because the irradiation testing and accident conditions testing data base for the NFI extended 
burnup fuel is somewhat limited and the available data are insufficient to show that NFI fuel 
could meet the anticipated NGNP fuel performance requirements, a proof test of fuel from NFI’s 
NGNP fuel manufacturing line should be irradiated and safety tested in the U.S. to acquire 
additional fuel performance data to support NGNP licensing.  Consequently, GA endorses the 
approach described in the NGNP PPMP to irradiate UCO fuel and NFI UO2 fuel in AGR-2 and 
AGR-2a, respectively.  However, consistent with GA’s view that demonstration of UCO fuel in 
the NGNP is essential for deployment of commercial VHTRs in the U.S., GA does not agree that 
a down selection between these two fuel types be made for qualification testing in AGR-5 and 
AGR-6.  Rather, UCO fuel should be qualified in AGR-5 and AGR-6 as currently planned, and 
NFI UO2 fuel should be qualified for use in NGNP based on Japanese irradiation and safety test 
data, proof testing in AGR-2a, and fuel performance monitoring, as necessary, in the NGNP. 

Also consistent with GA’s view that it is essential that the NGNP Project demonstrate the 
viability of economical mass production of coated-particle fuel and develop a domestic source 
(or sources) of UCO fuel supply, GA recommends that an NGNP Fuel Fabrication Facility (FFF) 
be built in Idaho to supply the fuel for the NGNP.  The NGNP FFF should be designed for a 
production capacity of 510 fuel elements per year.  The facility would be operated at full 
capacity for two years to produce the initial core and the production rate would then be reduced 
to 340 fuel elements per year, at which rate the facility would produce a reload segment every 
eighteen months. 

The NGNP FFF would serve as the pilot line for the first commercial fuel fabrication facility.  The 
510 fuel element/year process line that would be built and demonstrated in the NGNP FFF 
would be the basic production module that could be replicated in the commercial fuel fabrication 
facility.  Thus, the NGNP would demonstrate the fuel fabrication technology needed for the 
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commercial fuel supply business, thereby greatly reducing the costs and risk that would be 
associated with a first-of-a-kind facility.  The estimated capital cost for design, construction, and 
licensing of the NGNP FFF based on the assumption that the NGNP FFF would be built using 
an existing facility on the INL site is about $200M in 2007$ 

Figure E-20 shows a potential schedule for NGNP fuel acquisition.  This schedule assumes that 
NFI will make only the first core fuel load and that the fuel would be entirely replaced with UCO 
fuel at the beginning of 2022 following the NGNP commercial operation demonstration period.  
Based on NFI’s input that they would require five years to fabricate the fuel for the first core fuel 
load, funding of NFI to begin compact fabrication process development should begin no later 
than the beginning of 2008. 

Year

NFI compact dvlp & facility mods.

NFI trial production & proof test fuel fab.

AGR-2a irradiation

AGR-2a PIE & safety testing

NFI fab. first core fuel load (600 MW(t) NGNP)

AGR-2 irradiation

AGR-2 safety testing

AGR-5 & AGR-6 irradiation

NGNP FFF design

NGNP FFF construction, startup, shakedown 

NGNP FFF process qual. & proof-test fuel fab.

Proof-test irradiation

Fab. second core fuel load (600 MW(t) NGNP

NGNP startup and testing

NGNP commercial operation demonstration 

NGNP operation with AGR UCO fuel

2020 2021 20222016 2017 2018 20192012 2013 2014 20152008 2009 2010 2011

Figure E-20.  Schedule for NGNP Fuel Qualification and Acquisition 

An alternate, much more aggressive schedule for the NGNP FFF would be to start design in 
2008 and to design and construct the facility in parallel with fuel demonstration and qualification 
in AGR-2, AGR-5, and AGR-6 under the AGR Fuel Program.  Under this schedule, the plant 
would be designed, constructed, and licensed from 2008 through 2012; started up, 
demonstrated, and used to make proof test fuel in 2013 and 2014.  Based on satisfactory, early 
on-line fission gas release results from the proof test irradiation, fabrication of the first core fuel 
load would begin in 2016 and be completed in 2017.  Although very aggressive and more risky 
than the alternate approach of obtaining the initial fuel for the NGNP from NFI, this approach 
would eliminate the substantial additional costs associated with the NFI approach. 
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1 INTRODUCTION 

1.1 Scope 

The Energy Policy Act of 2005 required the Secretary of the U.S. Department of Energy (DOE) 
to establish the Next Generation Nuclear Plant (NGNP) Project.  In accordance with the Energy 
Policy Act, the NGNP Project consists of the research, development, design, construction, and 
operation of a prototype plant (referred to herein as the NGNP) that (1) includes a nuclear 
reactor based on the research and development activities supported by the Generation IV 
Nuclear Energy Systems initiative, and (2) shall be used to generate electricity, to produce 
hydrogen, or to generate both electricity and produce hydrogen.  The NGNP Project supports 
both the national need to develop safe, clean, economical nuclear energy and the National 
Hydrogen Fuel Initiative, which has the goal of establishing greenhouse-gas-free technologies 
for the production of hydrogen.  The DOE has selected the helium-cooled Very High 
Temperature Reactor (VHTR) as the reactor concept to be used for the NGNP because it is the 
only near-term Generation IV concept that has the capability to provide the high-temperature 
process heat required for highly efficient production of hydrogen.  The DOE has also selected 
the Idaho National Laboratory (INL), the DOE’s lead national laboratory for nuclear energy 
research, to lead the development of the NGNP under the direction of the DOE. 

As part of Phase 1 of the NGNP Project, the Battelle Energy Alliance (BEA), operator of the INL, 
contracted with three modular helium reactor (MHR) technology development teams, including a 
team led by General Atomics (GA), to provide preconceptual engineering services.  The GA 
team consists of Washington Group International (Washington Group), Rolls-Royce in the 
United Kingdom, Toshiba Corporation and Fuji Electric Systems (FES) in Japan, the Korean 
Atomic Energy Research Institute (KAERI) and DOOSAN Heavy Industries and Construction 
(DOOSAN) in the Republic of Korea, and OKB Mechanical Design (OKBM) in the Russian 
Federation.  A Work Plan was prepared by GA and approved by BEA to define the work scope 
to be performed by the GA Team.  The tasks defined in the Work Plan include: 

• Prepare a System Requirements Manual (SRM) to identify the NGNP top-level 
requirements (i.e., mission needs and objectives) and to show how these top-level 
requirements flow down through subordinate requirements at the plant, system, and 
ultimately the subsystem and component level 

• Conduct four special studies and prepare a report for each study: 
- A study to compare the two modular helium reactor variations being considered for the 

NGNP; namely, the pebble bed reactor (PBR) and the prismatic modular reactor (PMR) 
- A study to develop a recommendation with respect to the NGNP reactor power level and 

the size of the NGNP hydrogen production plant(s) 
- A study to compare potential working fluids for the NGNP secondary heat transport 

system and to make a recommendation on which working fluid to use 
- A study to identify the by-products and end-products of the NGNP and to estimate the 

economic value or economic penalties associated with these products 

• Prepare a Technology Development Plan (TDP) to help define and focus the R&D 
required to support design and construction of the NGNP 

• Develop a preconceptual plant design to the extent necessary to support preparation of an 
NGNP project cost estimate and schedule 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

 1-2

• Perform a safety assessment for the proposed design 

• Evaluate the NGNP licensing options and recommend a licensing approach 

• Develop capital cost and operating cost estimates for the NGNP 

• Prepare an NGNP Project schedule 

• Prepare a life cycle cost analysis and economic assessment for a follow-on commercial 
plant based on the NGNP prototype 

This preconceptual design studies report (PCDSR) covers all of the work performed by the GA 
team as identified above.  The NGNP preconceptual design information presented herein is 
based on the requirements of the SRM [SRM 2007] and the results of the reactor type 
comparison study [Baxter 2007], the reactor power level study [Labar 2007], and the heat 
transfer/transport system study [Bolin 2007], the results of which are summarized in Section 1.5.  
The commercial plant economic assessment presented in Section 5.4 is based on the results of 
the NGNP by-products study [Hanson 2007], which is also summarized in Section 1.5.  The 
TDP [TDP 2007], which has also been issued as a separate document, is summarized in 
Section 7.2. 

Sections 2 and 3 of this PCDSR provide preconceptual design information on the overall NGNP 
and on the various plant systems, respectively.  Section 4 describes the NGNP buildings and 
structures.  Section 5 presents plant assessments, including a safety assessment, a 
recommended NGNP licensing approach, and NGNP capital cost and operating cost estimates 
developed based on the preconceptual design information presented in Sections 2 through 4.  
Section 5 also presents a life cycle cost estimate and economic assessment for two variations 
of commercial hydrogen production plants that are based on the NGNP.  Section 6 presents a 
resource-loaded NGNP project schedule based on the NGNP Project Work Breakdown 
Structure (WBS) and the NGNP capital cost estimate.  Section 7 addresses the R&D required to 
support design and construction of the NGNP and presents GA’s fuel acquisition strategy for the 
NGNP.  Section 8 lists the references cited throughout the PCDSR. 

GA has been at the forefront of gas-cooled reactor design, technology development, and 
commercialization efforts for many years and is currently assisting DOE-NNSA with the 
U.S./Russian International GT-MHR Program (for weapons grade Pu disposition), which is 
being led on the Russian side by GA’s NGNP team member, OKBM.  Additionally, GA’s NGNP 
team members collectively have extensive experience in advanced hydrogen production 
process development, heat transport technology development, MHR reactor design, and power 
conversion system design and development.  Consequently, the GA Team has been able to 
leverage the funding provided by BEA for the current effort by drawing heavily on relevant past 
and ongoing government-funded and privately-funded work in developing the information 
presented in this PCDSR, the SRM, the special study reports, and the TDP. 

1.2 NGNP Prototype Plant Mission 

As defined in the NGNP Preliminary Project Management Plan (PPMP) [PPMP 2006], the 
NGNP Project objectives that support the NGNP mission and DOE’s vision are as follows: 
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a. Develop and implement the technologies important to achieving the functional 
performance and design requirements determined through close collaboration with 
commercial industry end-users. 

b. 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. 

c. Establish the basis for licensing the commercial version of the NGNP by the Nuclear 
Regulatory Commission (NRC).  This will be achieved in major part through licensing of 
the prototype by NRC, and by initiating the process for certification of the nuclear system 
design.

d. Foster rebuilding of the U.S. nuclear industrial infrastructure and contributing to making 
the U.S. industry self-sufficient for its nuclear energy production needs. 

Additional objectives that are not explicitly stated in the PPMP, but that should be considered 
applicable to the NGNP include: 

e. Provide a level of safety assurance that meets or exceeds that afforded to the public by 
modern commercial nuclear power plants. 

f. Meet or exceed all applicable federal, state, and local regulations or standards for 
environmental compliance. 

GA is in agreement with the above objectives, but believes that the NGNP Project plan as 
described in the PPMP is missing a program element that is critical to achieving objectives b 
and d.  Specifically, GA believes that the NGNP Project should include a demonstration of the 
viability of commercial-scale coated-particle fuel fabrication.  GA also believes that the NGNP 
mission should be expanded to include demonstration of the “Deep Burn” concept that has been 
proposed by GA for destruction of transuranics in the spent nuclear fuel from LWRs.  This is 
because there is potentially much to be gained by coordinating the NGNP Project with the 
U.S/Russian Pu-disposition Program and with GNEP, including using the NGNP as a test bed 
for demonstrating the irradiation performance of advanced Deep Burn fuels that can significantly 
improve the economics and public acceptance of the closed fuel cycles being advocated as part 
of GNEP. 

1.2.1 Demonstration of Commercial-Scale Coated-Particle Fuel Fabrication 

As discussed in Section 7.3, which presents GA’s fuel acquisition strategy for the NGNP, GA 
proposes to use UO2 fuel fabricated by NFI for the NGNP first core fuel load (and possibly one 
or more reload segments) to allow startup of the NGNP by 2018.  However, GA believes it is 
essential that the NGNP Project develop a domestic supply of high-burnup UCO coated-particle 
fuel in order to meet the NGNP project objectives as identified above because these objectives 
cannot be satisfied by procuring UO2 fuel from NFI indefinitely.  The project objectives stated in 
the NGNP PPMP appear to acknowledge the necessity of developing domestic fuel suppliers, 
but there is no activity included in the plan to do this.  Consequently, GA recommends that the 
NGNP Project build, license, and operate a fuel manufacturing pilot plant to demonstrate the 
viability of economical mass production of coated-particle fuel, and that the Government make 
the pilot line technology available to any U.S. company that wishes to replicate the technology 
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to develop a commercial MHR fuel manufacturing business.  Specifically, GA recommends that 
an NGNP Fuel Fabrication Facility (FFF) be built in Idaho to supply UCO fuel for the NGNP and 
to demonstrate the fuel fabrication technology needed for a commercial fuel supply business, 
thereby greatly reducing the costs and risk that would be associated with a first-of-a-kind 
commercial fuel fabrication facility. 

1.2.2 Use of NGNP to Demonstrate Deep Burn Fuel 

The DOE currently has two programs aimed at the destruction and utilization of plutonium (Pu) 
and transuranic (TRU) elements.  The motivation for these programs has been the 
reduction/elimination of the serious proliferation threat presented by stored Pu and dealing with 
the repository storage limitations for TRU, which is necessary to enable the large-scale 
expansion of nuclear power in the U.S.  The two efforts deal with the disposition of similar 
materials and could benefit greatly from an integrated approach and the use of common 
technologies. 

The longer-running program, carried out in the U.S. within the DOE-NNSA office, implements 
the US – Russian Agreement for each country to burn 34 metric tons of weapons-grade 
plutonium (w-Pu) as a plutonium-uranium mixed-oxide (MOX) fuel in conventional light-water 
reactors.  The goal is to reduce the w-Pu to a level equal to that of commercial reactor spent 
nuclear fuel (SNF) from both the proliferation and waste management standpoints.  

More recently, DOE-NE has launched the Global Nuclear Energy Partnership (GNEP) targeting 
the reprocessing and recycle of commercial-reactor SNF, with the destruction of its TRU 
component, which is mostly plutonium.  The destruction of Pu and other TRU would greatly slow 
the accumulation of waste in long-term spent-fuel storage facilities like the Yucca Mountain 
repository, avoiding what would otherwise be seen as a serious impediment to expansion of 
civilian nuclear power (or even sustaining it at current levels).  It is notable that the result of the 
NNSA MOX effort is to produce a waste form from w-Pu that GNEP has labeled undesirable for 
the storage of civilian spent fuel. 

It is a potential major advantage for gas-cooled reactors that MHR technology, which will be 
demonstrated by the NGNP as a major new reactor system for commercial application, is also 
suited to contribute to the disposition/recycling mission and is capable of destroying the heat 
generating actinides that limit repository capacity.  MHRs are uniquely attractive for this reason, 
because they will require no subsidies to compete with LWRs (particularly in the large energy 
market segments where LWRs currently cannot penetrate at all) beyond support for first-of-a-
kind engineering and commercialization costs.  Consequently, the NGNP Project could play an 
important role with respect to both Russian w-Pu destruction and GNEP, and much could be 
gained by better coordinating the three activities.  At the very least, success of the NGNP would 
likely lead to commercial deployment of MHRs capable of operating with Pu and TRU-based 
fuel cycles, so technology development (including fuel cycle issues) should be consistent with 
the objectives of all of the programs.  In other words, NGNP could make a major contribution to 
GNEP by demonstrating an MHR with the same engineering features as the reactor system 
planned for use in GNEP. 

The demonstrated MHR fuel capability to consume w-Pu to greater than 700,000 MWD/tonne 
burnup (more than 10 times the burnup possible in LWRs) forms the basis for the inclusion of 
the MHR in the NNSA program to destroy Russian w-Pu.  Transuranics extracted from LWR 
spent fuel (a mixture of plutonium, neptunium, americium and curium) can also be destroyed to 
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a similar extent in the MHR, providing a natural GNEP role for the MHR in partnership with the 
fast spectrum Advanced Burner Reactor. 

The MHR high-burnup disposition concept (Deep Burn) has been proposed by General Atomics 
and positively evaluated by National Laboratories and academic researchers for destruction of 
Russian w-Pu and the TRU waste from LWRs, as recently proposed in a GNEP Expression of 
Interest (EOI).  NNSA and Rosatom are presently evaluating the role of the gas reactor in the 
destruction of the first 34 tons of w-Pu and for any Pu beyond this initial amount.  The 
appropriate MHR core and fuel designs are expected to be substantially identical and easily 
testable in an NGNP prismatic-block MHR. 

GA’s recent economic analysis indicates that, due to the extremely large burnup that can be 
achieved in MHRs with fully enriched Pu and TRU fuels, the operation of these reactors in a w-
Pu or TRU deep-burn destruction mode will not result in economic penalties.  Consequently, 
substantial savings can be expected over the use of plutonium MOX in LWRs.  Clearly, the 
highest energetic (and economic) return for nuclear material destruction will be obtained by the 
system that provides the most complete and efficient utilization (burnup) of the material.  The 
near-full utilization of fuel in Deep-Burn MHR operations opens entirely new possibilities with 
respect to the economics of fuel recycle and material disposition. 

This is an important conclusion because it indicates that extensive commercial deployment of 
MHRs will benefit, not hinder, GNEP objectives.  It is for this reason that the demonstration of 
high burnup disposition capabilities of the MHR should be integrated into NGNP development.  
Specifically, the NGNP could be used as a test bed for irradiation of plutonium and TRU TRISO 
fuel to demonstrate its in-pile performance and to produce samples for post-irradiation 
examination and for reprocessing studies. 

1.3 Modular Helium Reactor Technology Status 

1.3.1 Background 

High-temperature gas-cooled reactor (HTGR) technology has been under development since 
the middle 1960s for electricity production and a variety of process-heat applications, including 
the production of hydrogen.  Two HTGR concepts, a prismatic block modular reactor (PMR) and 
a pebble bed reactor (PBR), were developed and demonstrated in commercial-size plants in the 
1970s and 1980s.  The prismatic block concept was demonstrated in the Fort St. Vrain (FSV) 
nuclear power station in the U.S.  The pebble bed concept was demonstrated in the AVR and 
THTR in Germany.  Current designs of both of these HTGR concepts use TRISO-coated fuel 
particles, but the fuel particles are contained in fuel elements having quite different 
configurations.  In a PMR, the fuel particles are formed into cylindrical compacts and loaded into 
fuel holes in hexagonal-shaped graphite fuel blocks that are about 80-cm in height and 36-cm 
across flats.  The fuel is cooled by helium that flows downward through vertical coolant channels 
in the graphite blocks.  In a PBR, the fuel particles are contained in billiard-ball sized spherical 
fuel elements (i.e., pebbles).  The fuel is cooled by helium flowing downward through a close-
packed bed of the spherical fuel elements.  In prismatic block reactors, spent fuel blocks are 
removed and replaced with fresh fuel blocks during periodic refueling outages.  In pebble bed 
reactors, fuel elements are removed continuously from the core during reactor operation, 
measured for radionuclide content, and returned to the core or replaced with a fresh fuel 
element depending on the amount of fuel depletion.  With this continuous on-line refueling 
approach, there is no need for refueling outages. 
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Since the mid 1980s, General Atomics (GA) has been developing a passively safe, modular-
sized design referred to as the Modular Helium Reactor (MHR).  In 1986, a task force consisting 
of General Atomics (GA), Bechtel, Combustion Engineering, EG&G Idaho, Gas-Cooled Reactor 
Associates, General Electric, Oak Ridge National Laboratory, and Stone and Webster 
Engineering performed an evaluation of the two MHR concepts to determine which of the 
concepts could best meet the requirements of potential commercial users in the United States.  
At that time, commercial interest in the MHR was focused on highly efficient production of 
electricity and cogeneration of electricity and process steam.  The strategy was to develop a 
standard passively safe MHR design that was amenable to serial production and to design 
certification by the U.S. Nuclear Regulatory Commission (NRC).  The PMR and PBR designs 
evaluated in the study were selected because they were judged to be capable of meeting the 
overall Utility/user plant requirements that had been developed by Gas Cooled Reactor 
Associates (GCRA) and reviewed by the Program Requirements Management task force, which 
was chaired by the Department of Energy and had representation from all of the MHR program 
participants.  The ranking of the two concepts was close, but plant economics (i.e., the overall 
electricity generation busbar cost) favored the PMR, which resulted in selection of a 4 x 350 
MWt PMR as the reference plant design to be developed by the U.S. MHR Program.  The 
utilities represented by GCRA concurred with this selection, which was approved by the DOE. 

Both the PMR and PBR concepts have gone through considerable design evolution since the 
1986 study.  The motivation for this evolution has been to reach higher power levels within the 
constraint of passive safety, and to achieve greater thermal energy conversion efficiency in 
order to improve the economics of the reactors relative to other options for electricity production.  
For the PMR, the reactor core diameter was first enlarged to increase the power level from 350 
to 450 MWt.  The power level was then increased to 550 MWt by moving the annular rings of 
fuel elements radially outward and reducing the width of the outer reflector to maintain the same 
core outer diameter.  A further increase in the design power to 600 MWt was obtained by 
increasing the core power density of the 550-MWt design.  The core outer diameter that GA 
selected for the 450-MWt, 550-MWt, and 600-MWt PMR designs was based on the results of a 
GA vendor survey that was performed to determine the largest diameter reactor vessel that 
could be fabricated using available commercial vessel manufacturing capability.  Starting with 
the 450 MWt design, the steam generator was replaced with a gas turbine to obtain the higher 
efficiency available from a Brayton power conversion cycle.  This concept is referred to as the 
Gas Turbine MHR (GT-MHR) and is described in [Shenoy 1996].  For electricity production, this 
concept operates with a thermal power level of 600 MW and an outlet helium temperature of 
850°C to drive the direct Brayton cycle PCS with a thermal-to-electrical conversion efficiency of 
48 percent (Figure 1.3-1).  
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Figure 1.3-1.  The Gas-Turbine Modular Helium Reactor 

The DOE-sponsored HTGR Technology Development under which the GT-MHR conceptual 
design was developed was terminated by Congress in 1995, but development of the GT-MHR 
continued under the International GT-MHR Project, which was started in 1995 by GA and 
Minatom (currently Rosatom) of Russia for the mission of disposition of surplus weapons-grade 
plutonium.  The project is currently being funded on a parity basis by the U.S. and Russian 
governments under the “Agreement Between the Government of the United States of America 
and the Government of the Russian Federation on Scientific and Technical Cooperation in the 
Management of Plutonium that has Been Withdrawn from Nuclear Military Programs”.  Some 
funding for development of the PCS was obtained from the Electric Power Research Institute 
(EPRI) in the U.S. and from the European Union and Japan through their membership in the 
International Science and Technology Center.  Under this project, the bulk of the design work 
and technology development is performed in Russia.  United States organizations, including GA 
and Oak Ridge National Laboratory, have assisted the project through oversight and sharing 
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experience in design and operation of gas-cooled reactors and by transferring technologies and 
computer codes used for design. 

The GT-MHR Conceptual Design for plutonium disposition was completed in 1997 and was 
independently reviewed by a panel of experts representing the U.S., Russia, Japan, Germany 
and France.  The review confirmed the capability of the GT-MHR to deeply burn weapons-grade 
plutonium in a once-through fuel cycle.  The panel concluded the GT-MHR was a viable design 
that merited further development and there were no insurmountable obstacles to prevent 
construction of a GT-MHR on a reasonable schedule.  The Preliminary Design Phase was 
completed in 2002 and reviewed by Minatom.  The GT-MHR was approved in Russia as an 
innovative, next-generation concept for generation of electricity and process heat.  Work is 
currently focused on areas related to technical risks, including coated particle fuel development, 
demonstration of the PCS with electromagnetic bearings, and verification/validation of computer 
codes for core design, including core physics, thermal hydraulics, fuel performance, and fission 
product transport.  [LaBar 2003] provides additional information on the GT-MHR design and its 
technology background. 

For the NGNP, the reactor design and PCS are essentially the same as for the GT-MHR, but 
with some modifications to allow operation with a higher coolant-outlet temperature of 950°C in 
order to increase hydrogen-production efficiency. 

1.3.2 MHR Design Philosophy and Features 

For MHR designs, a hallmark philosophy adopted since the early 1980s is to design the plant 
such that the radionuclides would be retained in the core during normal operation and 
postulated accidents.  The key to achieving this safety goal is the reliance upon ceramic-coated 
fuel particles for primary fission product containment at their source, along with passive cooling 
to assure that the integrity of the coated particles is maintained even if the normal cooling 
systems are permanently disrupted.  The growing international interest in MHRs is the direct 
result of this design philosophy and the resultant attractive design features of the MHR, which 
include:

• Passive Safety, Competitive Economics, and Siting Flexibility.  The MHR does not require 
active safety systems to ensure public and worker safety.  The high-energy conversion 
efficiency of the MHR, combined with the elimination of active safety systems, result in a 
design that is passively safe and economically competitive with non-passively safe reactor 
concepts.  Because of its high efficiency, the MHR rejects less waste heat than other 
reactor concepts.  This design feature, combined with passive safety, allows for more 
flexible siting options for the MHR. 

• High Temperature Capability and Flexible Energy Outputs.  The MHR is capable of 
producing process-heat temperatures of up to 950°C and possibly higher.  This high-
temperature capability translates into a high-energy conversion efficiency for a variety of 
energy outputs, including electricity, hydrogen production, and synthetic fuel production. 

• Flexible Fuel Cycles.  The MHR can operate efficiently and economically with several 
different fuel cycles.  MHR designs have been developed utilizing low-enriched (LEU) 
uranium fuels, high-enriched uranium (HEU) fuels, mixed uranium/thorium and 
plutonium/thorium fuels, and surplus weapons-grade plutonium fuels.  The thermal neutron 
spectrum of the MHR, combined with robust, ceramic-coated particle fuel, allows for very 
high burnup in a single pass through the reactor.  More recently, an MHR design has been 
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developed to deeply burn plutonium and other TRU actinides recovered from LWR spent 
fuel.  The flexible fuel cycle capability of the MHR, combined with its flexible energy output 
capability (Figure 1.3-2), results in a design concept that is very well suited for a wide 
variety of energy-growth scenarios. 

Figure 1.3-2.   MHR Fuel Cycle and Energy Output Options 

1.4 Hydrogen Production Technology Status 

In principle, nuclear electricity can be used to split water using conventional low-temperature 
electrolyzers.  With a conventional LWR that generates electricity at approximately 33% thermal 
efficiency and current-generation electrolyzers operating with an efficiency of about 75%, the 
overall efficiency for hydrogen production is approximately 25%.  If a GT-MHR is used to 
produce the electricity with 48% thermal efficiency, the overall efficiency for hydrogen 
production improves to 36%.  However, even with high-efficiency electricity production, 
economic evaluations of coupling nuclear energy to low-temperature electrolysis have generally 
not been favorable when compared to hydrogen production by steam-methane reforming 
(SMR).  For these reasons, two concepts that make direct use of the MHR high-temperature 
process heat are being investigated to improve the efficiency and economics of hydrogen 
production.  The first concept involves coupling the MHR to the Sulfur-Iodine (SI) 
thermochemical water splitting process.  The second concept involves coupling the MHR to 
high-temperature electrolysis (HTE).  Both processes have the potential to produce hydrogen 
with high efficiency and have been proven to work at the laboratory scale.  A brief summary of 
the current status of each of these advanced hydrogen-production technologies is presented 
below.
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1.4.1 Thermochemical Water Splitting Technology Status 

As part of an earlier study sponsored by the U.S. Department of Energy Nuclear Energy 
Research Initiative (NERI), a team headed by GA and supported by Sandia National 
Laboratories (SNL) and the University of Kentucky evaluated 115 different thermochemical 
cycles that produce hydrogen [Brown 2003].  The sulfur-iodine (SI) cycle was determined to be 
the best cycle for coupling to the MHR because of its high efficiency and potential for further 
improvement. 

Water thermally dissociates at significant rates into hydrogen and oxygen at temperatures 
approaching 4000°C.  As indicated in Figure 1.4-1, the SI process consists of three primary 
chemical reactions that accomplish the same result at much lower temperatures.  The process 
involves decomposition of sulfuric acid and hydrogen iodide, and regeneration of these reagents 
using the Bunsen reaction.  Process heat is supplied at temperatures greater than 800°C to 
concentrate and decompose sulfuric acid.  The exothermic Bunsen reaction is performed at 
temperatures below 120°C and releases waste heat to the environment.  Hydrogen is generated 
during the decomposition of hydrogen iodide, using process heat at temperatures greater than 
300°C.

Figure 1.4-1.  The SI Thermochemical Water Splitting Process 
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The US DOE research and development effort on the Sulfur-Iodine (SI) Cycle has been done 
primarily in collaboration with the French Commissariat à l’Energie Atomique (CEA) under an 
International Nuclear Energy Research Initiative (I-NERI) agreement since 2003.  There is close 
coordination between the project participants in developing the three component reaction 
sections — the H2SO4 decomposition section, done by Sandia National Labs; the HI 
decomposition section, done by General Atomics (GA); and the Bunsen reaction equipment, 
provided by CEA.  Each participant has designed and constructed their respective section, and 
is working to integrate them in a SI Integrated Laboratory-Scale (ILS) experiment.  This 
experiment is on track to begin integrated operations in late 2007.  All equipment has been 
transported to the GA site and is currently undergoing assembly and integration.  Through 2004 
and 2005, experimental work in glass equipment was conducted to evaluate and choose 
appropriate methods for carrying out the reactions in each section.  Design work in 2006 
allowed for lab-scale devices to be constructed in 2007 from engineering materials that are 
expected to be used in a pilot-scale hydrogen production facility scheduled for operation 
beginning in 2013.  These lab-scale devices make up the equipment of the ILS.  Unlike previous 
demonstrations elsewhere, the ILS will operate at temperatures and pressures expected to be 
seen at larger scales.  The ILS is expected to operate at least through the end of 2008. 

The highly corrosive nature of chemical streams in the SI process has led to significant research 
work in the area of materials compatibility.  Early screenings showed that alloys of tantalum 
appeared suitable, and current work is exploring long-term performance and corrosion 
resistance of materials stressed or machined in ways that materials of construction for larger 
scale plants will be subjected to.  Devices for testing materials under simplified flow conditions 
have been built.  The ILS will also be a test bed for corrosion resistance of engineering 
materials during its operation. 

Modeling and simulation of the SI process is necessary to predict thermodynamic efficiency, 
and to size equipment for cost estimation.  Any uncertainties in the model are retained in 
efficiency and cost calculations.  Work at Clemson University funded under a NERI grant is 
working to collect thermodynamic data that will continue to improve the robustness of modeling 
and simulation efforts. 

High-temperature inorganic membranes are being developed for use in the separation of SO2

and O2 from other chemical species in the high-temperature decomposition of H2SO4.  This 
separation has the potential to shift the equilibrium of the reaction resulting in a potentially lower 
reaction temperature or increased process efficiency. The use of membranes for dewatering 
process streams is also being investigated. Most importantly, the removal of water from a 
mixture of water, elemental iodine, and hydriodic acid (HI) is being studied. 

Catalysts are also being developed that will be highly active and stable in the harsh acidic 
environments and high temperatures encountered in the SI cycle.  Iron oxide catalysts for 
sulfuric acid decomposition are suitable at higher temperatures (above 870°C), and platinum-
based catalysts can be used when the peak process temperature is below 870°C.  Platinum-
based catalysts are not suitable for use in HI decomposition reactors, but activated carbon 
catalysts have been shown to be effective and inexpensive. 

The Japanese Atomic Energy Agency (JAEA) has also selected the SI process for further 
development and has successfully completed bench-scale demonstrations of the SI process at 
atmospheric pressure [Kubo 2005].  JAEA also plans to proceed with pilot-scale demonstrations 
of the SI process and eventually plans to couple an SI demonstration plant to its High 
Temperature Test Reactor (HTTR) [Terada 2005].  Development of the SI process is also being 
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performed in South Korea by the Korea Institute of Energy Research (KIER) and the Korea 
Institute of Science and Technology (KIST).  KAERI and DOOOSAN are also participating in the 
project, which is known as the Nuclear Hydrogen Production and Technology Development and 
Demonstration Project (NHDD). 

1.4.2  High Temperature Electrolysis 

A basic flow diagram for the HTE hydrogen production process is shown in Figure 1.4-2. 
The Solid Oxide Electrolyzer Cell (SOEC) is the key component of the HTE process.  Two 
SOEC designs are under development internationally, a planar design and a tubular design.  
For comparison, a tubular type SOEC and a planar type SOEC are shown in Figure 1.4-3.  A 
high-level description of each SOEC design is provided below. 

Figure 1.4-2.  Process flow diagram for HTE production of hydrogen 

Figure 1.4-3.  Comparison of Tubular-Type and  Planar-Type HTE SOECs 
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1.4.2.1 Planar Cell Technology 

SOE modules based on the planar cell technology (Figure 1.4-4) have been recently 
successfully tested as part of a collaborative project between Idaho National Laboratory (INL) 
and Ceramatec [Herring 2005].  Stacked assemblies of 100-mm × 100-mm cells have been 
tested successfully at INL (Figure 1.4-5). 

Figure 1.4-4.  Interconnect Plate and Single SOE Cell 

Figure 1.4-5.  SOE Stacked Cell Assembly 
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Figure 1.4-6 shows a schematic diagram of a unit cell.  The electrolysis stack would be operated 
at or near the thermal-neutral voltage (1.288 V at 850°C).  At this voltage, the endothermic heat 
of reaction is balanced by ohmic heating in the stack, such that no additional heat is required for 
the stack to maintain high temperature.  The stack consists of individual cells with 100 mm x 
100 mm active area.  The cell electrolyte is fabricated from either yttria- or scandia-stabilized 
zirconia.  A 1.5 mm cathode plate made of nickel cermet material is bonded to one side of the 
electrolyte.  A 0.05 mm anode plate is bonded to the other side of the electrolyte.  The anode is 
composed of a mixed (i.e., both electronic and ionic) conducting perovskite, lanthanum 
manganate (LaMnO3) material.  Bipolar plates with a doped lanthanum chromite (e.g., 
La0.8Ca0.2CrO3) are attached to the outside of the anode and cathode, and join the anode and 
cathode of adjacent units to form the stack.  The bipolar plates also provide flow passages 
between each of the units in the stack for the steam-hydrogen mixture and separate passages 
for the steam/oxygen sweep gas.  The relatively small active area of the individual cells is 
determined by the thermal expansion compatibility between the electrolyte and the electrodes. 

Figure 1.4-6.  SOE Unit Cell Schematic 

1.4.2.2 Tubular Cell Technology 

Figure 1.4-7 shows the general configuration of a tubular SOEC module.  It consists of an 
internally insulated pressure vessel housing electrolysis cells.  Scale up of the SOEC hydrogen 
production process can be accomplished by having more pressure vessel modules or by using 
larger modules having larger pressure vessels containing more electrolysis cells.  Figure 1.4-8 
shows a tubular SOEC developed by Toshiba Corporation.  The electrolyte is YSZ (Yttria-
Stabilized Zirconia), the anode (oxygen electrode) is LSM (Strontium-doped Lanthanum 
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Manganite), and the cathode (hydrogen electrode) is Ni-YSZ (a mixture of metallic Nickel and 
Yttria-Stabilized Zirconia). 

Figure 1.4-7.  High Pressure SOEC Module Configuration 

Oxygen Electrode

Electrolyte

Hydrogen Electrode

Support

Figure 1.4-8. Tubular SOE Cell Developed by Toshiba Corporation 
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1.5 Results of Trade Studies 

The NGNP preconceptual design described in this PCDSR is based on the reactor type 
comparison study [Baxter 2007], the reactor power level study [Labar 2007], and the heat 
transfer/transport system study [Bolin 2007] that GA performed as part of the preconceptual 
engineering services contract work scope.  The commercial plant economic assessment 
presented in Section 5.4 is based on the NGNP end-products study [Hanson 2007] that was 
also performed.  A summary of each study is presented below.  The complete reports for these 
studies are provided as Attachments B, C, D, and E to this PCDSR.  KAERI contributed to the 
reactor type comparison study and the NGNP reactor power level study by providing information 
from analogous studies performed under the Nuclear Hydrogen Development and 
Demonstration (NHDD) Program in Korea.  The KAERI reports are provided as Attachments F 
and G.

1.5.1  Reactor Type Comparison Study 

The objective of the study was to identify the reactor type (PMR or PBR) that is best suited for 
the Very High Temperature Reactor (VHTR) commercial mission of cogeneration of electricity 
and very high-temperature process heat for production of hydrogen using advanced, highly-
efficient processes such as thermochemical water splitting and high-temperature electrolysis.  It 
is important to note that the objective of the study was to identify the best choice for a 
commercial VHTR as opposed to identifying the design that best fits into the current preliminary 
schedule for the NGNP Project.  This is because GA believes that the best design for the 
commercial VHTR should drive the selection of the NGNP design and, hence, the NGNP project 
schedule, as opposed to the NGNP schedule driving selection of the NGNP design and, hence, 
the commercial VHTR design. 

[Baxter 2007] presents a systematic comparison of the 600 MWt GT-MHR design and the 400 
MWt PBMR-400 design (as described in the open literature) against a set of evaluation criteria 
selected by GA based on the requirements for a commercial VHTR and the NGNP, and the 
perceived capability of the criteria to discriminate between the designs.  These specific designs 
were compared in lieu of a design-independent comparison of the inherent capabilities of PMRs 
and PBRs because such a comparison, while conceptually ideal, would have been impossible to 
perform within the time and funding constraints of the study given the large number of design 
variables and the economic and performance tradeoffs associated with these variables.  Thus, a 
basic assumption of the study was that both the GT-MHR and the PBMR-400 designs have 
been sufficiently optimized by their respective designers to provide a basis for a valid 
comparison of the two reactor types. 

Regardless of the specificity of the comparison, some conclusions about the inherent 
differences between the PMR and PBR that favor one reactor concept or the other were 
possible, and are noted below. 

Differences between the PMR and PBR designs that significantly favor the PMR were 
concluded to be as follows: 

• The effective thermal conductance of a PBR core is inherently lower than the effective 
thermal conductance of a PMR core, so the core power density in PBRs must be lower to 
limit peak fuel temperatures during core conduction cooldown accidents.  Thus, for equal 
core volumes, PBRs must have lower power ratings than PMRs. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

 1-17

• The overall coolant flow resistance of a PBR core is inherently greater than the overall 
coolant flow resistance of a PMR core.  Thus, the core pressure drop will be higher in a 
PBR than a PMR for designs having the same core height and coolant flow rates.  
Consequently, a PBR requires more energy per unit of thermal power output to circulate 
the coolant, which results in lower PBR plant efficiency. 

• The inherently higher operating power level and efficiency of PMRs relative to PBRs 
equates to an estimated electricity generation busbar cost for a GT-MHR plant that is 10% 
to 20% lower than for a PBMR-400 plant having the same electrical power output.  This 
economic advantage in electricity generation cost translates to an approximately 
equivalent advantage for the PMR in electricity/process heat cogeneration applications 
given that a cost measure of the thermal energy utilized as process heat is the value of the 
electricity that could have been produced had the thermal energy been used for electricity 
production.

• The PMR designs include an annular core to achieve a high power rating while 
maintaining passive safety.  A PBR annular core design makes the PBR more competitive 
economically with a PMR, but the need to periodically replace the central and outer 
graphite reflectors poses potential problems for the PBR.  Specifically, it is estimated that 
the fast neutron exposure of the PBMR-400 graphite reflectors over their projected design 
lifetime of 20 years would be about 3 x 1022 n/cm2 (E > 0.18 MeV).  Acceptable graphite 
performance to a fast neutron fluence of this magnitude has not been demonstrated, and 
qualification of graphite to such high fast neutron fluence will be problematic.  
Consequently, the graphite reflectors in a PBR annular core design represent a significant 
design risk.  More frequent reflector replacement, should this be necessary, would have a 
significant impact on PBR plant availability because replacement of the PBR reflectors is 
estimated to require an approximate six-month outage.  (In contrast, the non-permanent 
reflector blocks in a PMR can be replaced during the normal periodic refueling outages.) 

• As demonstrated by operating experience in the Fort St. Vrain HTGR and in the AVR, 
there is much more graphite dust formation in PBRs than in PMRs.  The circulation of 
large quantities of graphite dust in the primary coolant loop of PBRs has the potential to 
adversely affect the operation of a direct-cycle Power Conversion System (PCS) and/or an 
intermediate heat exchanger (IHX), and could potentially preclude use of printed circuit 
heat exchangers for the IHX and PCS recuperator.  This would be a significant 
disadvantage for the PBR.  Also, the dust is an excellent medium for enhanced release of 
fission products during accidents involving depressurization of the primary coolant loop.  
Indeed, the quantity of graphite dust that would be expected in the primary circuit of the 
PBMR-400 based on AVR experience raises a question as to whether a PBMR-400 with a 
VLPC can meet off-site dose limits (assuming a 425-m plant exclusionary boundary) 
during a rapid depressurization accident. 

• Uncertainties associated with PBR core thermal/hydraulic performance could adversely 
impact PBR licensing and design certification.  Although fuel temperatures during normal 
operation should be lower in a PBR than in a PMR because of the lower core power 
density and better pebble-to-coolant heat transfer, coolant and fuel temperatures in the 
AVR were much higher than predicted based on temperature measurements in the core 
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and the results of post-irradiation examination (PIE) of AVR fuel3.  The reasons for these 
higher-than-expected temperatures are not well understood, but they were likely related to 
power peaking and thermal/hydraulic irregularities at core – reflector boundaries or 
adjacent to the graphite “noses” in the AVR core; effects that could be enhanced in a PBR 
annular core.  One such anomaly that has been observed experimentally is that pebble 
flow along reflector surfaces can be two to three times slower than in the interior of the 
pebble bed core. 

• The PMR refueling approach and fuel element design makes fuel element accountability 
substantially simpler in a PMR than in a PBR, and diversion of nuclear material more 
difficult. 

Differences between the PMR and PBR that may favor the PBR are as follows: 

• On-line refueling in the PBR eliminates the need for refueling outages, which may give the 
PBR a small advantage over the PMR with respect to availability, but only if the lifetime of 
the graphite reflectors in the PBR is very long (i.e. of the order of 20 years).  A significantly 
shorter reflector lifetime and/or unreliable operation of equipment such as the on-line fuel 
handling system in the PBR would partially or completely eliminate this advantage.  Also, 
pebble bridging, which was observed in the AVR, could cause pebble flow perturbations 
that disrupt on-line refueling and adversely impact reactor availability. 

• The inherently lower core power density and better pebble-to-coolant heat transfer in 
PBRs should result in lower fuel temperatures in PBRs during normal operation, which 
could translate to better fuel performance in PBRs than in PMRs.  However, as noted 
above, coolant temperatures and fuel temperatures in the AVR were much higher than 
predicted, and the reason for these higher-than-expected temperatures is not known with 
certainty.  Higher-than-expected peak fuel temperatures in PBRs could have an adverse 
impact on expected PBR fuel performance, particularly for UO2 fuel having relatively high 
burnup (because of high CO pressure within the coated particles).  Also, recent studies 
have shown that it should be possible to further optimize the PMR core design to reduce 
power peaking factors, bypass flows, and boundary-layer temperature gradients, all of 
which would contribute to reducing peak fuel temperatures and potentially improving 
overall fuel performance. 

• Both PMRs and PBRs can use UCO fuel, and by doing so would benefit from lower fuel 
costs because of the higher fuel burnup obtainable with UCO fuel relative to UO2 fuel4.
However, the economic penalty associated with use of UO2 fuel would be greater for a 
PMR than a PBR because this would necessitate a shorter refueling cycle, thereby 
reducing reactor availability.  Also, it is not clear that a PMR loaded with UO2 fuel could 
operate for an extended period of time with a core outlet coolant temperature of 950°C 
because of the potential for kernel migration in UO2 fuel exposed to high thermal 
gradients.  The capability of PBRs to use UO2 fuel, which has a more extensive irradiation 

3 Temperature measurements made with dummy (non-fueled) pebbles containing melt wires 
indicated local coolant temperatures in excess of 1280°C in the AVR core, and post irradiation 
examination of AVR pebbles suggested peak in-service fuel temperatures approaching 1600°C. 
These temperatures are hundreds of degrees higher than the temperatures predicted for the 
AVR.
4 Because the inclusion of carbon as uranium carbide phases in the UCO kernel suppresses CO 
formation.



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

 1-19

and safety testing database than UCO fuel, could potentially make licensing a pebble bed 
NGNP somewhat less difficult than licensing a prismatic block NGNP.  However, this 
advantage would not extend to a follow-on commercial pebble bed VHTR because it is 
expected that UCO fuel will have been qualified and be available for use by the time a 
commercial VHTR is built. 

The overall conclusion of the PMR vs. PBR comparison is that the PMR has a clear advantage 
over the PBR as the modular helium reactor type best suited for a commercial VHTR for 
electricity production and various high-temperature process heat applications, including 
hydrogen production.  Consequently, a PMR is also the clear choice for the NGNP. This 
conclusion is consistent with the result of a 1986 study (Section 1.2) that resulted in selection of 
a PMR as the concept to be developed by the U.S. MHR Program for commercial applications 
in the U.S. 

1.5.2 Reactor Power Level Study 

For the commercial VHTR plant, the reactor power level should be as high as possible for 
economy-of-scale reasons.  For passive safety, the NGNP reactor requires the use of a metallic 
reactor vessel.  The design of the 550/600 MWt metallic reactor vessel is at, or close to, the 
physically largest practical size that can be constructed based on current manufacturing 
capabilities.  Selecting the commercial VHTR reactor power as 600 MWt with a reference 
commercial plant containing four reactor modules is projected to result in a commercial VHTR 
plant having a significant economic advantage relative to alternatives for electricity and/or 
process heat generation. 

Therefore, a MHR designed to operate at 600 MWt was judged to best satisfy the need for the 
NGNP to be designed such that construction, licensing, and operation of the NGNP would 
eliminate much of the uncertainty associated with utility/user costs to build, license, and operate 
a commercial VHTR.  The elimination of such uncertainty was judged to be essential to 
demonstrate to potential utility/users that a VHTR would enjoy a significant cost advantage with 
respect to alternate means of electricity and/or process heat generation (without which there 
would be no incentive for a utility/user to build a VHTR).  Much of this cost uncertainty is due to 
design, licensing, and construction uncertainties associated with high risk areas such as the 
reactor vessel, the PCS, the IHX, and the fuel; consequently, GA considers it essential that 
these risk area uncertainties be resolved by the NGNP. 

Another important reason for selection of 600 MWt as the recommended power level for the 
NGNP is that the advanced stage of design development of the 600 MWt GT-MHR results in the 
shortest time and lowest cost for completion of the conceptual design activities necessary to 
focus R&D activities for NGNP.  A conceptual design for a 600 MWt NGNP reactor could be 
completed in about one year.  On the other hand, it would take a minimum of ~2 years to 
complete a conceptual design for an NGNP based on either the 350 or the 450 MWt reactor 
design (and longer for any other reactor size).  A reasonably complete conceptual design is 
necessary to define the required design data needs and the necessary R&D.  Completion of the 
conceptual design in ~1 year would provide the best chance for completing the R&D in sufficient 
time to enable completion of NGNP construction by ~2017.  

Evaluations were made of two processes for demonstration of hydrogen production using heat 
energy from the NGNP (1) hydrogen production by means of the Sulfur-Iodine (SI) 
thermochemical water splitting process and (2) hydrogen production by means of high 
temperature electrolysis (HTE).  The recommended minimum demonstration plant size, in terms 
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of heat energy used, for hydrogen production by each of these processes is 60 MW and 4 MW, 
respectively.

With regard to a SI-based hydrogen plant, several factors allow for a quantitative estimate of the 
minimum size.  Potential customers, such as oil refineries, would require minimum thermal input 
from the NGNP in the range of 40 MWt to make economic sense.  From a process equipment 
scalability standpoint, a 20-MWt plant would suffice.  However, to validate the operation and 
controls systems, operation of a minimum of three trains is recommended.  The combination of 
the controls validation requirement with the minimum power per train from scaling factors leads 
to a total thermal power input of 60 MWt.  This size plant would satisfy all criteria analyzed.  A 
refinery customer would easily be able to accept a reliable hydrogen output from a 60-MWt 
hydrogen demonstration plant.  Therefore, a conservative recommendation of the minimum size 
of the NGNP SI hydrogen demonstration plant is 60 MWt with an output of 7.5 million standard 
cubic feet of hydrogen per day. 

With regard to an HTE-based hydrogen plant, a SOEC module size of 600 Nm3/h (@0.6A/cm2)
would be best for both the NGNP and a follow-on commercial VHTR HTE-based hydrogen 
production plant based on scalability and economic considerations.  From considerations of the 
hydrogen plant control, operation and protection, 10 or more HTE SOEC 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/h (@0.6A/cm2).
This is equal to about 5 million standard cubic feet per day.  (Note that a variation of the 
electrolysis cell operating current density varies the SOEC module size because the number of 
HTE cells is proportional to operating current density.  The effect of alternative electrolysis cell 
operating current densities should be evaluated in more detail during detail design.) 

1.5.3 Heat Transfer/Transport System Study 

The objective of this study was to evaluate the design options and impacts of using either high-
pressure helium or FLiNaK molten salt as the working fluid for the NGNP Heat Transport 
System Design.  The evaluation in the trade study focused on economics and technical risk to 
arrive at a recommendation on working fluid selection. 

Sizing of components was performed as part of an NGNP secondary loop design in order to 
determine costs and cost discriminators between the helium and molten salt heat transport 
loops.  Both heat transfer loops were assumed to be 90 meters in length.  Both the helium and 
molten salt intermediate heat exchangers (IHXs) are about the same size and are made of the 
same material – alloy 617.  The total cost for the 50 MWt IHX assumed in this study is around 
$12 million.  The cost of the IHX is not a discriminator between the helium and molten salt (MS) 
working fluids.  The total cost of the He piping including valves is about $3 million.  The total 
cost for the MS piping including valves is almost $5 million.  The size and cost of the circulator 
in the helium transport loop is determined by its power consumption.  The circulator is sized at 
757 kW.  The estimated cost of this circulator is $19 million.  The molten salt pump is sized at 
only 11 kW.  The estimated cost of the MS pump is $1 million.  The He secondary heat transport 
system has a higher capital cost by about $16 million primarily due to the cost of the circulator. 

The operating cost of the He secondary heat transport system is dominated by the cost to 
operate the circulator which is sized at 757 kW.  Assuming a 90% capacity factor, the circulator 
would use six million kW-hrs per year.  At an average 2005-2006 electricity price in Idaho of 
5¢/kW-hr, the circulator operating cost would be $300,000 per year.  The molten salt pump is 
sized at only 11 kW so that its operating cost is much lower.  Replacement cost of the IHX is 
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much more significant.  The annualized replacement cost is $2 million for the He-He IHX and 
$10 million for the He-MS IHX.  These replacements costs do not include labor or other costs 
associated with reactor downtime.  The pressure difference between the primary and secondary 
sides of the He-MS IHX significantly degrades the operating lifetime of the metallic IHX due to 
creep stress.  The replacement costs of the process heat exchangers (PHXs) are also expected 
to be significant if they are made of metallic materials though ceramic materials may be a cost-
effective alternative. 

The difference in capital costs is significant relative to the total cost of the secondary heat 
transport system, but is insignificant compared to the total NGNP cost.  Similarly, the operating 
cost for the He circulator represents about a 0.3% reduction in available electrical output, which 
is also insignificant. 

The technical risks associated with molten salts relative to those associated with helium remain 
significant at the present time.  The principal technical risks with molten salt are high-
temperature corrosion, freezing protection, and drainage of molten salt from the IHX and PHXs.  
While technical solutions appear possible, there does not appear to be a compelling reason to 
choose molten salt over high-pressure helium, particularly in view of the high-level NGNP 
Project requirement to use the lowest-risk technology consistent with satisfying the NGNP 
objectives.

The technical risks associated with high-pressure helium are much more manageable and 
understood.  Gas circulator technology has been proven on numerous reactor applications 
including the High Temperature Test Reactor (HTTR) in Japan.  HTTR also has experience in 
using helium as a secondary coolant to transfer heat from the reactor to process heat 
exchangers.

Therefore, the recommendation resulting from the study was that the secondary heat transfer 
loop use high-pressure helium as the working fluid.  However, further design analysis is needed 
to determine the optimal pressure for the heat transfer loop that balances the design challenges 
on the IHX against the design challenges and performance objectives of the PHXs and 
hydrogen production processes. 

1.5.4 NGNP End-Products Study 

The purpose of this study was to identify the NGNP and commercial H2-MHR5 commercial end-
products and by-products, to evaluate potential management options for these products, and to 
assess the market value of the commercial end-products and the economic penalties 
associated with the by-products.  This commercial values and economic penalties established in 
this study were inputs to the commercial plant economic assessment, the results of which are 
presented in Section 5.4.   

The primary commercial products (commodities) produced by the NGNP and commercial H2-
MHRs will be electricity and hydrogen.  The H2-MHR plants will also produce large quantities of 
high purity oxygen (8 kg of O2/kg of H2).  Hydrogen is perceived to be primarily a future 
replacement for fossil fuels although it is also used extensively in petroleum refining, chemical 
processing, and ammonia production.  Consequently, the future market value of hydrogen is 
assumed to be determined by the future cost of natural gas, the real cost of which is expected to 

5 An H2-MHR is a MHR that provides high-temperature process heat and electricity to a  
hydrogen production plant to which it is coupled.
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increase significantly in future decades because of supply-and-demand forces and an 
anticipated carbon penalty.  There is also a significant industrial market for high purity oxygen, 
but the future market value will probably remain stable because it is economically produced by 
cryogenic distillation of air.  Table 1.5-1 lists the commercial value (in 2007$) established for 
each of the NGNP end-products in the 2020 – 2060 time frame.  The NGNP is assumed to be 
located at the Idaho National Laboratory, and the commercial H2-MHR is assumed to be 
located in the Texas-Louisiana Gulf Coast area. 

Table 1.5-1.  NGNP End-Product Commercial Value Predictions (in 2007$) 

End-Product NGNP Venue 

2020 – 2060 

H2-MHR Venue 

2020 - 2060 

Comments 

Electricity (mil/kWh) 55 106 EIA forecast 

Hydrogen ($/kg) 2.5 2.5 Set by natural gas price 

Oxygen ($/tonne) 27 27 EPRI forecast 

The NGNP and commercial H2-MHRs will generate certain waste streams.  As with all nuclear 
power plants, the most significant waste stream produced by the NGNP and commercial H@-
MHRs will be the spent fuel from the nuclear heat source.  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.  The spent fuel elements will be stored on site to cool for 
at least one year.  Depending upon the availability of a federal repository, the NGNP spent fuel 
may be stored on-site for several decades.  The spent fuel elements from commercial H2-MHRs 
will be stored on-site for up to 10 years.  The study assumed that unprocessed spent fuel 
elements will ultimately be disposed of permanently in a federal geological repository 
(presumably at Yucca Mountain).  Unprocessed, spent MHR fuel elements have been shown 
previously to be a nearly ideal waste form for geological disposal, far superior to zircaloy-clad 
LWR fuel bundles. 

The plants will also generate radioactive and chemical waste streams.  Past operating 
experience with HTGRs and past design experience with advanced MHRs indicates radioactive 
waste streams can be reduced to well below current LWR practice.  The key to minimizing 
radioactive waste is the use of high quality, high performance TRISO-coated fuel to retain the 
fission products in the core to the fullest extent practical during normal operation and postulated 
accidents.

Tritium, which will be produced in the reactor by various nuclear reactions, is a special concern.  
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.  This tritium contamination will contribute to public and occupational radiation 
exposures; consequently, stringent limits on tritium contamination in the product hydrogen are 
anticipated to be imposed by regulatory authorities.  Design options are available to control 
tritium in an H2-MHR, but they can be expensive so an optimal combination of mitigating 
features must be implemented in the design.  The most cost-effective means of controlling 
tritium contamination appears to be the addition of a helium purification system to the secondary 
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heat transport loop which transfers heat from the primary coolant loop containing the reactor to 
the hydrogen production plant. 

The SI-based hydrogen plant 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) are fully contained and 
recycled.  In fact, the SI plant appears to have the potential to be a nearly “zero-discharge” 
facility which would be a worthy design goal.  The oxygen product stream will likely contain 
traces of sulfur dioxide, which may require polishing by caustic scrubbing.  A small quantity of 
corrosion products (mainly metal sulfates) will also be generated. 

The HTE-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 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.  Consequently, the recovery and potential 
recycle of these hazardous constituents should be a high-priority R&D task. 

At the end of its operational lifetime, the physical plant will represent the ultimate “by-product” of 
electricity and hydrogen production, and both the reactor plant and the hydrogen plant will have 
to be decontaminated and decommissioned.  Based upon the past D&D experience with gas-
cooled reactors, especially the successful D&D of the Fort St. Vrain HTGR, the D&D costs for 
both the NGNP and commercial H2-MHRs should be comparable to that for a LWR on a per 
MWe basis.  An important component of that conclusion is that the core graphite – or at least 
the vast bulk of it – should qualify as low-level waste.  In fact, all of the FSV core graphite 
qualified as Class A low-level waste (the lowest level classification). 
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2 OVERALL NGNP PLANT DESCRIPTION 

2.1 Summary of NGNP Plant Design 

The nuclear heat source for the NGNP consists of a single 600-MW prismatic-block MHR mod-
ule with two primary coolant loops for transport of the high-temperature helium exiting the reac-
tor core to a direct cycle Power Conversion System (PCS) and to an intermediate heat ex-
changer (IHX) (Figure 2.1-1).  The reactor design is essentially the same as for the GT-MHR, 
but includes the additional primary coolant loop to transport heat to the IHX and other 
modifications to allow operation with a coolant-outlet temperature of 950°C (vs. 850°C for the 
GT-MHR).  The IHX transfers a nominal 65 MW of thermal energy to the secondary heat 
transport loop, which transports the heat energy to both a SI-based hydrogen production facility 
(60 MW) and an HTE-based hydrogen production facility (~4 MW).  Figure 2.1-2 shows a 
schematic of the NGNP preconceptual plant design.  Table 2.1-1 summarizes the plant key 
design features. 

Figure 2.1-1.  The MHR Module is Connected to a Direct Cycle PCS and an IHX 
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Table 2.1-1.  Key Features of NGNP Design 

Property Design Selection 

Reactor type Prismatic block 

Reactor power level 600 MWt 

Fuel Initial Core:  TRISO-coated 500-µm UO2 (~9.9% enriched)

Reloads:  TRISO-coated UCO (likely with two or more 

 U-235 enrichments) 

Power conversion cycle Reference:  Direct Brayton cycle with GA/OKBM vertical 
integrated PCS 

Alternate:  Direct combined cycle (steam cycle with a GT 
topping cycle) as proposed by Rolls-Royce 

Core outlet/inlet coolant temperatures Reference: 950ºC/590ºC 

Alternate:  950ºC/510ºC 

Vessel materials Reactor:  2¼Cr – 1Mo 

PCS:  SA508 

IHX:  2¼Cr – 1Mo 

Crossduct: 2¼Cr – 1Mo 

Hot duct:  Allow 617 or alloy 800H 

Primary loop inlet/outlet pressure 7.07MPa/7.0 MPa (Electricity mode) 

Number of loops 3 (PCS loop, primary heat transport loop, and secondary 
heat transport loop) 

Primary coolant Helium 

Secondary loop working fluid Helium 

Heat transferred to secondary loop 65 MWt 

Intermediate heat exchanger type (and 
LMTD)

Reference:  Printed circuit  (25°C) 

Backup:  Helical coil (91°C) 

Hydrogen production process SI requiring 60 MWt thermal energy 

HTE requiring ~4 MWt thermal energy 

Heat rejection Dry cooling tower 
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2.2 Plant Level Functions and Performance Requirements 

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 topmost requirements include the 
project mission as defined in the Energy Policy Act of 2005 and the NGNP Project objectives as 
defined by DOE/INL in the NGNP PPMP. At the next level are the high-level functions and 
requirements defined by INL [Functions & Requirements 2003], as modified based on the 
recommendations of the Independent Technology Review Group (ITRG) [ITRG 2004].  Achieve-
ment of these high-level functions and requirements will be accomplished through implementa-
tion of plant-level requirements derived from the INL high-level requirements and other institu-
tional sources such as utility/user requirements for commercial reactors, or that are developed 
though plant-level functional analysis including trade studies, plant performance analyses, 
engineering decisions, etc.  

INL defined the high-level functions and requirements for the NGNP in order to establish 
performance definitions for what the NGNP must achieve.  These high-level functions and 
requirements were developed as input to the preconceptual design effort and were intended by 
INL to provide the foundation on which to define the requirements for the NGNP.  [Functions & 
Requirements 2003] was reviewed by the ITRG, as required by the Energy Policy Act of 2005.  
The ITRG evaluated the design features and technology risks associated with the design 
concepts that could satisfy the high-level functions and requirements and made 
recommendations for managing these risks.  The NGNP PPMP specifies that the high-level 
functions and requirements, as modified based on the recommendations of the ITRG, are the 
second set of requirements (after the Energy Policy Act) that are to be used as the basis for 
NGNP Project preliminary planning.  Appendix B of the PPMP describes the impact of the ITRG 
review on these high-level functions and requirements. 

The high-level functions for the NGNP as defined in [Functions & Requirements 2003] are as 
follows:

• Develop and demonstrate a commercial-scale prototype VHTR 
• Develop and demonstrate the production of electricity at high efficiencies 
• Obtain licenses and permits to construct/operate the NGNP 
• Develop and demonstrate the capability for efficient production of hydrogen 
• Enable the demonstration of energy products and processes 
• Provide capability for future testing to enhance plant safety and operational performance 

The requirements developed by INL for these high-level functions are provided in [Functions & 
Requirements 2003], which also discusses the basis for the requirements. 

Document DOE-GT-MHR-100248 [Utility/User Requirements 1995] provides utility/user 
requirements for a commercial GT-MHR.  These requirements were developed from Utility 
requirements for advanced light water reactors (ALWRs) [ALWR Requirements 1991], from 
input provided by constituents of the GT-MHR Program, and from pertinent information from 
IAEA-TECDOC-801, “Development of Safety Principles for the Design of Future Nuclear Power 
Plants”.  These requirements have not been imposed directly by INL/DOE, but they are 
pertinent to the NGNP because a primary mission of the NGNP is to serve as a prototype of a 
commercial VHTR.  Thus, GA considered these requirements in developing the plant-level and 
system-level requirements specified in the SRM. 
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The Utility/User requirements presented in DOE-GT-MHR-100248 are extensive and are 
presented under the following categories: plant configuration, performance requirements, fuel, 
site parameters and external interfaces, safety and licensing, reliability and availability, 
control/man-machine interfaces, maintenance and in-service inspection (ISI), design process 
requirements, plant fabrication/construction, plant staffing, and plant decommissioning.  The key 
utility/user design requirements for a commercial GT-MHR are summarized in Table ES-2 of 
DOE-GT-MHR-100248.  GA has updated these key utility/user requirements in Figure 2.2-1 
based on recent discussions with members of GA’s Utility Advisory Board and Academic 
Advisory Group. 

The Utility Advisory Board and Academic Advisory Group also provided GA with the following 
recommendations with respect to the mission of the NGNP. 

a. The NGNP should be a full-size prototype of a commercial VHTR module. 
b. The initial power level for the NGNP could be somewhat lower than the power level for a 

commercial MHR module, but the NGNP should be designed for up-rating to the full 
commercial MHR module power level 

c. The mission of the NGNP should include demonstration of process-heat applications, 
including steam methane reforming for hydrogen production.  From a utility/users 
viewpoint, process heat applications are a more important near-term mission than 
demonstration of hydrogen production. 

d. The NGNP should be capable of demonstrating use of alternate fuels, including Pu-
based fuel and actinide-based fuel (i.e., “deep-burn” fuel) from re-processed LWR spent 
fuel.

e. The NGNP should be designed to demonstrate a commercial MHR that meets the key 
Utility/User design requirements for a commercial MHR, as stated in Figures 2.2-1 and 
2.2-2.
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Key Utility/User Design 
Requirements for a Commercial MHR Plant

Application

 Commercial plant Reference plant size:  Four MHR power modules with each module having 
 objective a nominal output of 250 – 300 MWe 

  Brayton power conversion system with > 40% thermal conversion efficiency 

  <$1500/kwe overnight plant capital cost (mature plant, not including owner’s 
costs)

  Capable of being sited with dry cooling at low economic penalty 

 Fuel cycle Once-through uranium cycle with enrichment <20% 

  Capable of utilizing alternate fuel cycles (Pu fuel, deep-burn of LWR spent fuel, 
etc.)

 Licensing objective NRC design certification of the standard power module design 

 Public safety objective Passive safety design:  No reliance on the operator, the control room and its 
contents, or any AC-powered equipment to satisfy NRC design basis accident 
limits/requirements 

  The plant shall not disrupt the public’s normal day-to-day activities. 
  Specifically, no need for public sheltering, evacuation drills 

  Exclusion Area Boundary (EAB) = Emergency Planning Zone (EPZ) = 425 
meters

  Probability of exposure exceeding the Protective Action Guides at or beyond 
the EAB shall be < 5 x 10

-7
 per plant year 

  Maximum Accident Dose Limit
  < 1 rem total effective dose equivalent to the whole body 
  < 5 rem thyroid (EPA Protective Action Guidelines) 

Plant Performance

 Plant service life  60 years 

 Load follow Automatic over the range 50 – 100% power 

 Rapid load change ±5% per minute over the range 50 – 100% power 

 Step load rejection 100% - house load without trip 

 Cold shutdown to hot 24 hours 
 critical (or vice versa) 

Figure 2.2-1.  Key Utility/User Requirements for a Commercial MHR (1 of 2) 
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Key Utility/User Design 
Requirements for a Commercial MHR Plant (Cont.)

Availability

 Design capacity factor 94%, from start up after refueling to shut down for refueling (i.e., breaker to 
  breaker 

 Fuel cycle length  18 months, from startup to startup (after refueling), shall be 18 months 

 Refueling outage  30 days 

Investment Protection

 Likelihood of event resulting <1 x 10
-5

/plant-year 
 in conditions outside the 
 licensing basis 

Operation and Maintenance

 Plant personnel exposure <70 person-rem/GWe-year 

 Spent fuel storage 10 years operation plus one core, and on-site area reserved to accommodate 
storage of all spent fuel and reflectors for plant design life 

 Radioactive waste < 14.3 cubic meters per year, excluding replaceable reflectors 

 Major equipment Design shall include provisions for replacement of major equipment and 
components 

 Plant staffing Plant staffing shall be consistent with reduced safety-related systems resulting  
from passive safety design, and shall be < one-half man per MWe    

Security

 Design objective Plant shall comply with security requirements as established by NRC 
regulations 

  Security issues shall be strongly considered in plant equipment layout 

 Security staffing Security staffing shall reflect reduced safety-related systems needing security 
surveillance (relative to LWRs) 

Constructibility

 Construction practice Modular construction techniques as appropriate to reduce cost and risk 

 Schedule (single module) < 36 months from the start of site work to full commercial operation

Figure 2.2-2.  Key Utility/User Requirements for a Commercial MHR (2 of 2) 
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Based on the above institutional requirements, GA has defined the following plant level 
requirements for the NGNP in [SRM 2007]. 

PLT 3.0.1 — The NGNP shall include a nuclear reactor based on the research and development 
activities supported by the Generation IV Nuclear Energy Systems initiative. 

PLT 3.0.2 — The NGNP shall be used to generate electricity, to produce hydrogen, or to both 
generate electricity and produce hydrogen. 

PLT 3.0.3 — The NGNP design shall be based on the lowest risk technology development that 
would achieve the needed commercial functional requirements to provide an economically 
competitive heat source and hydrogen production capability. 

PLT 3.0.4 — The NGNP design shall accommodate a licensing strategy and construction 
schedule that allows for completion of NGNP startup and testing by a date (currently given as 
2018) that is commercially attractive and consistent with the NGNP Project schedule. 

PLT 3.0.5 — The NGNP shall comply with all applicable requirements of the regulations 
identified in Section 2.3.2 of the SRM. 

PLT 3.0.6 — Buildings and structural design for the NGNP non-nuclear facilities shall comply 
with the applicable DOE, Federal, state, and local codes. 

PLT 3.0.7 — Commercial codes and standards applicable to design and construction shall be 
followed, as appropriate, for all structures and systems including the reactor, power conversion 
unit, and the hydrogen plant. 

PLT 3.0.8 — The NGNP shall be designed for high reliability, availability, maintainability, and 
inspectability (RAMI).  Innovative designs to maximize RAMI and minimize human error shall be 
considered, including techniques for remote maintenance and easy replacement or repair of 
components.

PLT 3.0.9 — The NGNP shall be designed for an operating life of 60 calendar years from the 
date of authorization to operate.  Provisions shall be made for economic replacement of 
components that cannot be designed for 60-year operation. 

PLT 3.0.10 — The plant shall be designed to locate the systems, structures and components 
(SSCs) that perform nuclear safety functions within a nuclear island that is physically separated 
from the balance of the plant. 

PLT 3.0.11 — Provisions for site security shall be provided for the protection of the reactor, 
reactor fuel, spent fuel, electrical power, and hydrogen in accordance with NRC and other 
applicable regulations.  Plant security shall be a consideration in developing plant equipment 
layouts. 

PLT 3.0.12 — NGNP design activities shall be conducted under a Quality Assurance Program 
that complies with the U.S. national consensus standard ASME NQA-1-1997 and Subpart 4.2 of 
ASME NQA-1-2000 for project specific development R&D activities, and with 10CFR50, 
Appendix B, when appropriate. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 2-9 

PLT 3.0.13 — The design of the NGNP shall be based on the site parameters and external 
interfaces for the INL site selected for the NGNP. 

2.2.1 Modular Helium Reactor Requirements 

Based on the overall plant requirements defined above, the NGNP plant-level reactor require-
ments are as follows. 

PLT 3.1.1 — The reactor concept to be used for the NGNP shall be the helium – cooled Very 
High Temperature Reactor (VHTR). 

PLT 3.1.1.1 — The NGNP reactor shall be graphite moderated. 

PLT 3.1.1.2 — The NGNP reactor shall have a prismatic block core. 

PLT 3.1.1.3 — The NGNP reactor system shall be designed to operate with an average core 
outlet coolant temperature range of 850°C to 950°C. 

PLT 3.1.1.4 — The NGNP shall use qualified TRISO-coated uranium oxycarbide (UCO) or 
uranium dioxide fuel. The fuel particles shall be agglomerated into cylindrical compacts.  
Qualified uranium dioxide fuel may be acceptable for initial fuel loading, but shall be replaced by 
UCO, when it is has been qualified. 

PLT 3.1.1.5 — The NGNP shall include a vessel system for ducting high temperature, high 
pressure helium coolant throughout the NGNP systems and for containing the components that 
interface with the helium coolant. 

PLT 3.1.1.6 — The NGNP shall include a helium storage and transfer system. 

PLT 3.1.1.6 — The NGNP shall include helium purification systems to maintain the helium 
coolant purity. 

PLT 3.1.2 — The NGNP reactor shall be a full-size prototype of a commercial VHTR module.  
The reactor core power level shall be as high as possible consistent with the use of passive 
safety features. 

PLT 3.1.2.1 — The reactor shall have a nominal power level of 550 MWt with a stretch 
capability to about 600 MWt. 

PLT 3.1.2.2 — The initial power level for the NGNP could be somewhat lower than the power 
level for a commercial MHR module, but the NGNP should be designed for up-rating to the full 
commercial MHR module power level. 

PLT 3.1.3 — The NGNP reactor shall have adequate passive safety systems to cool the reactor 
core down from full power to a safe shutdown mode and limit the fuel temperatures under 
accident conditions to levels consistent with limiting radionuclide releases and resultant doses to 
within regulatory requirements. 

PLT 3.1.3.1 — The reactor core configuration shall be designed to enable the core heat to be 
transferred from the active core to the reactor vessel (the vessel system component containing 
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the core) by natural heat transfer mechanisms (conduction, thermal radiation, and natural 
convection).

PLT 3.1.3.2 — The reactor core power density (w/cc) shall be designed to limit the fuel 
temperatures under accident conditions to levels consistent with limiting radionuclide releases 
and resultant doses to within regulatory requirements. 

PLT 3.1.3.3 — The reactor vessel shall be constructed of a metallic material to enable it to 
passively transfer accident event core heat by thermal radiation to a passive cooling system, 
that is located outside and is physically separate from the reactor vessel, for rejection of the 
core heat to the ultimate heat sink (the atmosphere). 

PLT 3.1.3.4 — The reactor vessel shall be designed to maintain the reactor core in cool-able 
geometry for passive cool-down accident events (as well as during normal forced cooling 
operating conditions). 

PLT 3.1.3.5 — The plant design shall require no reliance on the operator, the control room and 
its contents, or any AC-powered equipment to satisfy the NRC design basis accident 
limits/requirements. 

PLT 3.1.4 — The NGNP reactor shall be designed to achieve and maintain a cold shutdown 
condition.  This condition shall be maintained as required to perform required maintenance or 
inspection procedures and to support routine refueling of the reactor. 

PLT 3.1.5 — The NGNP reactor shall be designed with two diverse and independent means by 
which a complete shutdown of the reactor core can be achieved. 

PLT 3.1.6 — The NGNP reference fuel cycle shall be a once-through uranium fuel cycle with 
uranium enrichment of <20% U-235. 

PLT 3.1.7 — The NGNP shall be capable of utilizing alternate fuel cycles (Pu fuel, deep-burn of 
LWR spent fuel, etc.) 

PLT 3.1.8 — The NGNP shall be designed to achieve fuel burnup consistent with maximum fuel 
utilization while minimizing waste streams, optimizing fuel economics, and ensuring low 
proliferation risk. 

PLT 3.1.9 — The NGNP shall be designed to satisfy the following top-level radionuclide control 
regulatory requirements 

• During normal operation, offsite radiation doses to the public shall be < limits specified in 
Appendix I of 10 CFR 50 and 40 CFR 190 

• Occupational radiation exposures shall be 10% of the limits specified in 10 CFR 20 
• During DBAs, offsite doses at the site EAB shall be less than those specified in the Manual 

of Protective Action Guides and Protective Actions for Nuclear Incidents (EPA-520/1-75-
001) for sheltering and evacuation 

PLT 3.1.10 — The design of the NGNP systems and processes shall be such that the volume of 
low-level radioactive dry and wet waste, as shipped off-site, shall be less than 3.6 m3, annually 
(excluding replaceable reflector elements). 
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PLT 3.1.11 — The NGNP shall be capable of demonstrating the operational and safety 
performance of a commercial-scale VHTR power unit over a range of normal and transient 
conditions and to provide the cost and performance characteristics required to demonstrate 
commercial plant economic performance. 

PLT 3.1.11.1 — The NGNP shall be designed to demonstrate a capacity factor for electricity 
generation of 94% over the plant operating period from startup following a refueling to 
shutdown for refueling (i.e., “breaker-to-breaker”). 

PLT 3.1.11.2 — The NGNP shall be designed to demonstrate the capability of the power unit to 
accommodate the duty cycle events identified in Table 2.2-2. 

Table 2.2-2.  Design Duty Cycles 

Event Number of Events 

Start-up from cold conditions 240 

Shutdown to cold conditions 240 

Normal load cycle (0.5%/min) 

(50-100%)/(100-50%) 

22,000

Frequency control (2%/min) (±5%) 800,000 

Tie line thermal backup (±20%) 60 up/60 down 

Load rejection 100 

Rapid load ramp (5%/min) 

(50-100%)/(100-50%) 

1500/1500 

Step load changes (±10%) 3000
(1)

(1)
Total number, up or down  

PLT 3.1.11.3 — The NGNP shall be designed with the systems and features necessary to 
accomplish reactor refueling within a time interval of  30 days. 

PLT 3.1.11.4 — The NGNP shall be designed with a shutdown cooling system, separate from 
the main cooling loop, to enable rapid cool down of the reactor for plant maintenance operations 
in the event the main cooling loop is not available. 

PLT 3.1.11.5 — The NGNP shall be designed to demonstrate a comparative advantage in the 
evaluated mean (or expected) levelized generation costs of electricity for reference commercial 
plants versus comparably sized, "clean" coal plant; i.e., a coal plant that meets environmental 
standards and regulations projected for deployment in the 2020s.  Generation cost advantages 
are provided in Table 2.2-3 for the initial and final plants within a first series of commercial 
plants (nominally 16 modules in any combination of 2 or 4 module plants). 
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Table 2.2-3.  Commercial Plant Electricity Generation Cost  
Advantage (%) Over Comparably Sized Clean Coal Plants 

Plant Size 
First Commercial

Plant 
Mature Commercial 

Plant 

1 Power Unit 

~275 MWe 

On Par 5 

2 Power Units 

~550 MWe 

5 10 

4 Power Units 

~1100 MWe 

10 20 

PLT 3.1.11.6 — The NGNP shall be designed to demonstrate a probability of < 5 x 10-7 per 
plant year that offsite doses at or beyond the site EAB of 425 meters will exceed the limits 
specified in the Manual of Protective Action Guides and Protective Actions for Nuclear Incidents 
(EPA-520/1-75-001) for sheltering and evacuation. 

PLT 3.1.11.7 — The NGNP shall be designed to demonstrate plant personnel exposure of < 70 
person-rem/GWe-year.

PLT 3.1.11.8 — The NGNP shall be designed such that the likelihood of an event resulting in 
conditions outside the licensing basis is < 1 x 10-5/plant year. 

PLT 3.1.11.9 — The NGNP design shall include provisions for controlling the plant environment 
and the man-machine interfaces as specified in Section 3.7 of [Utility/User Requirements 1995]. 

PLT 3.1.11.10 — The NGNP design shall include provisions for satisfying the maintenance and 
in-service inspection requirements as specified in Section 3.8 of [Utility/User Requirements 
1995].

PLT 3.1.11.11 — The NGNP design shall include provisions for satisfying the design process 
requirements as specified in Section 3.9 of [Utility/User Requirements 1995]. 

PLT 3.1.11.12 — The NGNP design shall include provisions for satisfying the plant 
fabrication/construction requirements as specified in Section 3.10 of [Utility/User Requirements 
1995], including modular construction techniques as appropriate to reduce risk and cost. 

PLT 3.1.11.13 — The NGNP design shall include provisions for satisfying the plant staffing 
requirements as specified in Section 3.11 of [Utility/User Requirements 1995]. 

PLT 3.1.11.14 — The NGNP design shall include provisions for satisfying the plant 
decommissioning requirements as specified in Section 3.12 of [Utility/User Requirements 1995]. 

PLT 3.1.12 — The NGNP shall be designed to demonstrate the capability for a VHTR to be 
sited with dry cooling at low economic penalty. 
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PLT 3.1.13 — Failures or upset conditions in the reactor primary system shall not result in 
failures or adverse impacts to the hydrogen production plant or any other process heat systems. 

PLT 3.1.14 — Measures shall be incorporated in the NGNP design as necessary to prevent 
unauthorized access to nuclear material, theft, diversion, and other malevolent acts, including 
sabotage intended to release radioactivity or disrupt operations. 

2.2.2 Power Conversion System Requirements 

Based on the plant-level requirements defined above, the power conversion system 
requirements are as follows. 

PLT 3.2.1 — The NGNP shall generate electric power using a Brayton cycle power conversion 
system. 

PLT 3.2.2 — The electric power conversion system, in the all-electric mode, shall have an 
overall efficiency (defined as net electrical output divided by net thermal output at the reactor 
outlet) of at least 45% to convert reactor thermal power to electrical.  Overall efficiency shall be 
as high as possible, and consistent with other key commercial parameters, to optimize 
economics. 

PLT 3.2.3 — The power conversion system shall be designed and sized to produce electricity at 
commercial scale using 100% of the NGNP thermal energy from the reactor. 

PLT 3.2.3.1 — The NGNP shall nominally produce 250 - 300 MWe net of electricity at 60 Hz. 

PLT 3.2.4 — The power conversion system shall be designed for high reliability, to provide 
accessibility to system components for maintenance, and to allow for replacement of system 
components.

2.2.3 Hydrogen Plant Requirements 

Based on the plant-level requirements defined above, the hydrogen plant requirements are as 
follows.

PLT 3.4.1 — The NGNP shall be designed for continuous operation in either the 100% electric 
power production mode or in the cogeneration mode with the equivalent of up to 50 MWt of the 
reactor’s thermal energy used for hydrogen production. 

PLT 3.4.2 — Hydrogen production shall be demonstrated using a thermochemical process and 
a high-temperature steam electrolysis (HTE) process. 

PLT 3.4.2.1 — The thermochemical process to be demonstrated by the NGNP shall be the 
sulfur-iodine (SI) process. 

PLT 3.4.2.2 — The hydrogen production plant(s) shall produce {TBD} metric tonnes of hydrogen 
per year. 

PLT 3.4.2.3 — The hydrogen production plant(s) shall be capable of long-term continuous 
operation sufficient to demonstrate adequate process reliability and availability to potential 
hydrogen end users. 
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PLT 3.4.2.4 — The hydrogen product gas shall have purity levels consistent with current 
industry standards for hydrogen applications. 

PLT 3.4.3 — The NGNP design shall include a Primary Heat Transport System for transporting 
up to 50 MWt of thermal energy from the reactor to an intermediate heat exchanger (IHX) for 
transfer to a secondary loop. 

PLT 3.4.4 — The NGNP shall include a Secondary Heat Transport System that uses helium as 
the working fluid to transport the heat transferred from the primary coolant via the IHX to the 
hydrogen production system. 

PLT 3.4.4.1 — The Secondary Heat Transport System shall deliver process heat to the 
hydrogen production process at the required temperature and at pressure conditions that 
minimize the technical risk associated with the IHX, the process heat exchanger(s), and the 
hydrogen production process design. 

PLT 3.4.4.2 — Heat losses to the environment associated with transfer of heat from the reactor 
to the hydrogen production system shall be limited to less than {1%} of 50 MWt. 

PLT 3.4.4.3 — Leakage of the Secondary Heat Transport System helium shall be limited to 
{10%} per year, or to a lesser amount as necessary to ensure compliance with requirement PLT 
3.1.9.

PLT 3.4.4.4 — The NGNP shall include a Secondary Helium Purification System to maintain the 
purity of the Secondary Heat Transfer System (HTS) helium. 

PLT 3.4.5 — The interface between the NGNP reactor and the hydrogen production plant(s) 
shall be designed to allow for safe transitions between all-electric power production at levels up 
to 100% to the production of hydrogen and electric power in the cogeneration mode where the 
hydrogen production consumes up to 50 MWt without reactor shutdown. 

PLT 3.4.6 — The interfaces between the hydrogen production plant(s) and the NGNP reactor 
shall be designed to ensure that failures or upset conditions in the hydrogen production plant do 
not result in failures or adverse impacts to the NGNP reactor. 

PLT 3.4.7 — The interface system between the NGNP and the hydrogen production plant(s) 
shall be designed to ensure that tritium migration into the hydrogen production systems will be 
limited, such that the maximum amount of tritium released from the integrated NGNP facilities or 
found in drinking water does not exceed EPA standards. 

PLT 3.4.8 — The total concentration of radioactive contaminants in the hydrogen product gas 
and associated hydrogen production systems shall be minimized to ensure that worker and 
public dose limits for the integrated NGNP and hydrogen production facilities do not exceed 
NRC regulatory limits. 

PLT 3.4.9 — The hydrogen production plant(s) shall be designed to contain industrial safety 
features that afford adequate protection to the public and plant workers. 
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PLT 3.4.9.1 — The hydrogen production and storage facilities shall comply with 29 CFR 
1910.103.  If the hydrogen facility produces and stores significant quantities of oxygen, 
compliance with 29 CFR 1910.104 shall also be required. 

PLT 3.4.9.2 — Emissions from the hydrogen production plant(s) shall comply with all applicable 
requirements of the Clean Water Act/Water Programs (CWA), 40 CFR 100-149, as well as 
compliance with all state and local requirements. 

PLT 3.4.9.3 — Emissions from the hydrogen production plant(s) shall comply with the 
requirements of 40 CFR 61, National Emissions Standards for Hazardous Air Pollutants 
(NESHAP), and all applicable state and local air permit requirements. 

PLT 3.4.9.4 — Exposures to any given hazardous chemical shall not exceed the maximum 
acceptable levels as stated in OSHA 29 CFR1910.1000, Subpart Z, plus other OSHA 
substance-specific standards. 

PLT 3.4.9.5 — The plant shall comply with all applicable OSHA General Industry Standards, 
including 29 CFR 1910.132, .133, .135, and .136. 

2.3 Overall Plant Arrangement 

A plot plan for the NGNP plant is shown in Figure 2.3-1.  The nuclear plant occupies a footprint 
of approximately 536 m by 279 m (1760 ft by 915 ft).  The hydrogen production facilities are 
located outside of the nuclear plant boundary and are classified as non-nuclear systems.  The 
hydrogen plant area has a footprint of approximately 168 m by 140 m (550 ft by 460 ft).  The 
distance between the hydrogen plants and the reactor building is 90 meters based on the 
results of an INL engineering evaluation of the necessary separation distance [INL 2006].  No 
earthen berm or blast suppression barrier is considered necessary between the hydrogen 
production facilities and the reactor with a separation distance of 90 meters because the reactor 
is below grade.  However, the hydrogen production facilities are circumvented by a low berm, 
which serves as a chemical spill retention barrier.  The plant also includes a below-grade 
hydrogen storage tank for on-site storage of up to 100 kg of hydrogen, which is the limit 
suggested in [INL 2006], and space for a large dry-cooling tower. 

Because of uncertainties associated with potential uses of the NGNP, the preconceptual design 
of the plant includes features that allow some flexibility in adjusting the mission of the NGNP.  
As shown in Fig. 4.1-4 in Section 4, the below-grade concrete portion of the reactor building is 
designed to include a cavity for an IHX that is large enough to accommodate a printed-circuit 
type heat exchanger of much greater size than needed to transfer 65 MW of heat energy.  Also, 
the crossduct from the reactor vessel to the IHX and the nozzle on the reactor vessel side are 
the same diameter as for the reactor vessel – PCS vessel crossduct.  For initial NGNP 
operation with only 65 MW of heat energy being transferred to the IHX, the reactor vessel – IHX 
vessel crossduct will have a conical area reducing section to reduce the crossduct diameter to 
the size needed for the small IHX.  However, in the event that the small IHX is replaced with a 
much larger IHX, the area reducing section and smaller diameter crossduct adjoining the IHX 
vessel will be replaced with a larger-diameter crossduct.  Also, the plot plan includes extra 
space for addition of a facility for some yet-to-be-determined process heat or process steam 
application, and for expansion of the hydrogen facilities to increase hydrogen production 
capacity.  
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2.4 Nominal Plant Design Parameters 

The NGNP must be designed for both electricity-only production and for cogeneration of 
electricity and process heat to satisfy the requirement that the NGNP be capable of generating 
electricity, hydrogen, or both electricity and hydrogen.  Tables 2.4-1 and 2.4-2 give the nominal 
plant design parameters for both operating modes for operation of the reactor with outlet gas 
temperatures of 850°C and 950°C, respectively. 

Two of the major design decisions for the NGNP include selection of the reactor outlet helium 
temperature and the choice of an indirect or direct power conversion cycle.  Both of these 
decisions have a major impact on the overall NGNP plant design and on the level of 
programmatic risk.  A section is devoted to each of these important design selections below. 

2.4.1 Reactor Outlet Coolant Temperature 

The original goal with respect to the reactor outlet coolant temperature for the NGNP was 
1000°C [Functions & Requirements 2003].  However, based on its review of the NGNP 
Program, the ITRG concluded that there are materials development risks at a reactor outlet 
temperature of 1000°C that make it impossible to achieve an operational date of 2020 (let alone 
2018) for the NGNP.  The ITRG identified the IHX, hot duct, turbine inlet components, and in-
core metallic materials as being the high-risk components.  Consequently, the ITRG 
recommended that the NGNP start operation with a reactor gas outlet temperature of 900°C to 
950°C in order to maintain maximum metal temperatures at or below 900°C.  The ITRG also 
outlined a potential approach for up-rating the NGNP to operate with a gas outlet temperature of 
1000°C.  This approach calls for the NGNP to be designed to allow for replacement of the 
critical metal components with higher-temperature materials developed and qualified in parallel 
with construction and early operation of the NGNP.  Presumably as a result of this 
recommendation, the reactor outlet temperature given in the NGNP PPMP for the reference 
NGNP prototype concept is “in the range of 850 to 950°C with future capabilities that could 
reach above 1000°C”. 

In addition to discussing the technical issues associated with a reactor outlet temperature 
greater than 950°C, the ITRG questioned the practicality of attempting to achieve an outlet gas 
temperature of 1000°C in the NGNP.  Indeed, the ITRG recommended against attempting to 
achieve a gas outlet temperature of 1000°C unless the need to do so could be justified on an 
economic basis before embarking on the extensive and costly research and development 
program that would be required.  As noted by the ITRG, the need for 1000°C gas outlet 
temperature for efficient electricity production is questionable (i.e., the economics associated 
with electricity production with a MHR operating at 850°C are already attractive).  The ITRG also 
noted that it is not clear that 1000°C is needed for demonstration of thermochemical water 
splitting because the current SI processes can operate with a minimum temperature of 800°C 
with only slightly degraded efficiency, and that application of membrane technology in the SI 
process (to drive high temperature reactions to completion at lower temperatures) and/or use of 
HTE would allow for a significant reduction in the temperature of the heat supplied for hydrogen 
generation.  This is consistent with the SI process efficiency vs. temperature “curve” in  Figure 
2.4-1, which is based on GA’s evaluation of the efficiency for two SI hydrogen production plant 
point designs, one in which process heat is provided at 825°C (efficiency of 0.42) and one in 
which process heat is provided at 925°C (efficiency of 0.46).



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 2-18 

Table 2.4-1.  NGNP Nominal Plant Design Parameters 
850°C Reactor Outlet Gas Temperature 

 Electricity Only Cogeneration 

MHR System

Power rating 600 MWt 600 MWt 

Core inlet/outlet temperatures  490 C / 850 C 490 C / 850 C

Peak fuel temperature – normal operation <1250 C <1250 C

Peak fuel temperature – accident conditions < 1600 C < 1600 C

Helium mass flow rate 321 kg/s 321 kg/s 

MHR System pressure 7.0 MPa 6.4 MPa 

Power Conversion System

Mass flow rate 321 kg/s 286 kg/s 

Heat supplied from MHR System 600 MWt 535 MWt 

Turbine inlet/outlet temperatures 848 C / 510 C 848 C / 510 C

Turbine inlet/outlet pressures 7.0 MPa / 2.6 MPa 6.2 MPa / 2.3 MPa 

Electricity generation efficiency* 47.5% 47.5% 

Heat Transport System

Primary helium flow rate N/A 35 kg/s 

Secondary helium flow rate N/A 35 kg/s 

IHX heat duty N/A 65 MWt 

IHX primary side inlet/outlet temperatures N/A 850 C / 490 C

IHX secondary side inlet/outlet temperatures N/A 825 C / 465 C

HTE-based Hydrogen Production System

Peak SOE temperature N/A TBD C

Peak SOE pressure N/A TBD MPa 

Product hydrogen pressure N/A TBD MPa 

Annual hydrogen production N/A TBD 

Plant hydrogen production efficiency** N/A TBD% 

SI-based Hydrogen Production System

Peak process temperature N/A ~825 C

Peak process pressure N/A TBD MPa 

Product hydrogen pressure N/A TBD MPa 

Annual hydrogen production N/A TBD 

Plant hydrogen production efficiency** N/A ~42% 

*Neglects parasitic heat losses from the RCCS and SCS  

**Based on the higher heating value of hydrogen (141.9 MJ/kg) 
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Table 2.4-2.  NGNP Nominal Plant Design Parameters 
950°C Reactor Outlet Gas Temperature 

 Electricity Only Cogeneration 

MHR System

Power rating 600 MWt 600 MWt 

Core inlet/outlet temperatures  590 C / 950 C 590 C / 950 C

Peak fuel temperature – normal operation 1250 C - 1350 C 1250 C - 1350 C

Peak fuel temperature – accident conditions < 1600 C < 1600 C

Helium mass flow rate 321 kg/s 321 kg/s 

MHR System pressure 7.0 MPa 6.4 MPa 

Power Conversion System

Mass flow rate 321 kg/s 286 kg/s 

Heat supplied from MHR System 600 MWt 535 MWt 

Turbine inlet/outlet temperatures 948 C / 617 C 948 C / 617 C

Turbine inlet/outlet pressures 7.0 MPa / 3.0 MPa 6.2 MPa / 2.6 MPa 

Electricity generation efficiency* 50.5% 50.5% 

Heat Transport System

Primary helium flow rate N/A 35 kg/s 

Secondary helium flow rate N/A 35 kg/s 

IHX heat duty N/A 65 MWt 

IHX primary side inlet/outlet temperatures N/A 950°C / 590°C 

IHX secondary side inlet/outlet temperatures N/A 925°C / 565°C 

HTE-based Hydrogen Production System

Peak SOE temperature N/A 862°C 

Peak SOE pressure N/A 5.0 MPa 

Product hydrogen pressure N/A 4.95 MPa 

Hydrogen production rate N/A 6,000 Nm
3
/h

Plant hydrogen production efficiency** N/A ~53% 

SI-based Hydrogen Production System

Peak process temperature N/A 900°C 

Peak process pressure N/A 6.0 MPa 

Product hydrogen pressure N/A 4.0 MPa 

Hydrogen production rate N/A 9,000 Nm
3
/h

Plant hydrogen production efficiency** N/A ~45% 

*Neglects parasitic heat losses from the RCCS and SCS; neglects reduction in efficiency due to turbine blade cooling 

**Based on the higher heating value of hydrogen (141.9 MJ/kg) 
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The GA Team agrees with the ITRG’s assessment and suggests that the same logic could be 
applied in questioning the need for a reactor outlet temperature of 950°C versus 900°C, or even 
850°C given the relatively small difference in efficiency of either the SI or HTE hydrogen 
production processes at temperatures of 825°C and 925°C.  Consequently, the GA Team 
recommends an approach for NGNP operation that is similar to that recommended by the ITRG 
except that initial operation of the NGNP should be with a reactor outlet temperature of 850°C.  
However, all of the NGNP plant systems should be designed to operate with a reactor outlet 
temperature of up to 950°C.  After an initial operating period with a reactor outlet helium 
temperature of 850°C, the plant could be up-rated to operate with a reactor outlet temperature 
of 900°C to 950°C depending on the results of economic evaluations performed to justify such 
operation and on the success of the R&D programs to develop materials and/or qualify designs 
for higher-temperature operation. 

Figure 2.4-1.  SI Process Efficiency vs. Process Heat Temperature 

One option that might be considered (as a fallback position) in order to provide process heat at 
temperatures greater than 850°C to the hydrogen production processes without having to 
operate the PCS and the IHX at temperatures greater than 850°C would be to use electric 
heaters supplied by excess electricity generated by the NGNP PCS to add heat to the 
secondary helium.  However, GA has not considered the engineering implications of this option 
or the electric heater R&D that might be required.  Also, there would certainly be a reduction in 
plant efficiency and an associated economic penalty associated with this option.  The tradeoff 
between this economic penalty and the reduced costs associated with being able to operate the 
PCS and IHX at a lower temperature would need to be evaluated. 
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2.4.2 Direct vs. Indirect Power Conversion Cycle 

The ITRG reviewed the design, fabrication, and operation of the various power conversion 
systems proposed by the proponents of the NGNP, including the vertical integrated PCS design 
developed by GA/OKBM, with the objective of identifying the major risks associated with these 
systems.  Based on this review, the ITRG concluded that given the “large number and 
formidable nature of the risks associated with the direct cycle and their potential impact on the 
NGNP schedule,” that the “NGNP should proceed on the basis of a lower-risk indirect cycle”.  
The ITRG acknowledged that the indirect cycle necessitates use of an intermediate heat 
exchanger, which is itself a component having significant developmental risks, but the ITRG 
considered these risks to be more manageable than the aggregate of the risks associated with 
any of the direct cycle concepts.  Perhaps primarily as a result of the ITRG’s recommendation, 
the NGNP PPMP defines the reference NGNP prototype concept as producing “both electricity 
and hydrogen using an indirect cycle with an IHX to transfer the heat to either a hydrogen 
production demonstration facility or a gas turbine.” 

However, the ITRG also concluded that it is highly unlikely that a metallic material will become 
available that will not require replacement of the IHX at least once, and probably more than 
once, during the plant life, even for an operating temperature limited to 900ºC.  The ITRG 
further concluded that it is not clear that a metallic material will become available for IHX 
operation at 1000°C on any reasonable time scale, or at all, and that it is unlikely that an IHX 
could be fabricated from a ceramic material.  Thus, the ITRG concluded that from a material 
standpoint, operation at 1000ºC or higher favors the use of the direct cycle. 

GA and its team members are well aware of the technical challenges associated with the 
vertical integrated PCS design and appreciate the ITRG’s concerns.  Nevertheless, the GA 
Team remains convinced that a direct power conversion cycle is a better choice for the NGNP 
than an indirect power conversion cycle, and the NGNP preconceptual design presented herein 
reflects this choice.  The reasons for this design selection are as follows: 

• Past GA studies of direct vs. indirect cycle (albeit for an MHR for electricity generation), 
have concluded that a direct cycle is the clear choice over an indirect cycle 

• The GA Team was not tasked to perform the PCS trade study that was included in the 
statement of work for the original NGNP preconceptual engineering services solicitation.  
Consequently, the GA team has not developed any indirect cycle concepts nor 
systematically evaluated the pros and cons of a direct cycle versus an indirect cycle for a 
MHR whose primary purpose is to provide process heat (as opposed to electricity 
generation).  Consequently, the GA team has no basis for replacing its direct cycle GT-
MHR design with an indirect cycle design. 

• GA is not convinced that the technical risks associated with a 600-MWt IHX and a 600-
MWt primary helium circulator are more manageable than the risks associated with the 
vertical integrated PCS design.  Furthermore, GA suspects that the cost associated with a 
600-MWt IHX capable of operating at 950°C may be prohibitive. 

• Construction of the NGNP with an indirect cycle would likely preclude operation of the 
NGNP with a gas outlet temperature of 1000°C because, as concluded by the ITRG, it is 
unlikely that an IHX can be fabricated for operation at 1000°C in any reasonable time 
frame, if at all.  Although it is doubtful that operation of the NGNP at 1000°C reactor outlet 
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temperature can be justified on an economic basis (Section 2.4.1), it would be desirable if 
the NGNP design does not preclude such operation.   

• An extensive effort is in progress under the U.S./Russian International GT-MHR Program 
to develop and demonstrate the vertical integrated PCS design.  If this program proceeds 
according to schedule, this PCS design will be fully demonstrated in time for deployment in 
the NGNP. 

• Rolls-Royce has reviewed the GA/OKBM vertical integrated PCS design and has made a 
number of recommendations for design modifications that could improve the design and 
reduce the cost and/or risk associated with the design6 (Section 3.6.2). 

• Rolls-Royce has developed a pre-conceptual design for a direct combined cycle power 
conversion system as a backup to the reference vertical integrated PCS design.  This 
design eliminates or reduces some of the more significant risks in the reference design, 
but would add to the complexity and cost of the plant.  This design requires further 
evaluation and development during conceptual design, but appears to be a viable backup 
for the reference design should the need for a fallback become apparent based on results 
from the OKBM design demonstration program.

2.5 Plant Operation 

As discussed in Section 2.1 and shown in Figure 2.1-1, the NGNP preconceptual design 
includes two primary coolant loops, one for the direct cycle PCS and one for the IHX.  The two 
primary coolant loops and the requirement to operate in either an electricity-production-only 
mode or a cogeneration mode introduce some complexity into the plant design that will have to 
be dealt with during subsequent design phases.  However, GA’s preliminary evaluation of plant 
operation, as discussed in Section 3.10.2, provides reasonable confidence that the plant can be 
operated in either mode. 

One major consideration associated with operation of the plant with two primary coolant loops is 
the need to keep the pressure on the primary and secondary sides of the IHX balanced to avoid 
over-stressing the IHX.  This will require a helium inventory control system for the secondary 
heat transport loop and a plant control system that is designed to include the necessary 
instrumentation and controls to make the necessary simultaneous adjustments to the primary 
and secondary helium inventories to maintain the pressure difference across the IHX with 
acceptable limits. 

Table 2.5-1 describes the anticipated operating modes for the plant.  The reactor would be 
operated in the all electric 1 mode prior to starting cogeneration mode operation to allow for a 
smooth transition from electric-production-only operation to cogeneration. 

As discussed in Section 2.4.1, GA recommends that initial operation of the NGNP be with a 
reactor outlet helium temperature of 850°C.  

6 The Rolls-Royce recommendations need to be jointly evaluated in more detail by Rolls-Royce, 
OKBM, and GA during conceptual design.
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Table 2.5-1.  NGNP Operating Modes 

Production Mode 
Reactor MW

Electric
Reactor MW 
Hydrogen 

Production Objective 

All Electric 1 535 0 

Achieve approximately 90% electric 
output capacity with hydrogen 
production or full electric options 
available. This mode is attained 
during NGNP startup and precedes 
NGNP shutdown.  

All Electric 2 600 0 

Achieve maximum electric output at 
100% reactor power. This mode is 
used to demonstrate electric 
production capability such as load 
following to 50% output, step load 
change, etc. 

Cogeneration 

Electric/ 

Hydrogen 

535 65 
Produce hydrogen and electricity. 
Maintain stable hydrogen production, 
but allow load change if necessary. 
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3 PLANT TECHNICAL DESCRIPTION 

This Section provides a technical description of the entire NGNP plant, including the nuclear 
systems, the Power Conversion System (PCS), the Heat Transport System (HTS), the hydrogen 
production facilities, the Helium Services System, the Plant Operation and Control System, and 
the balance of plant (BOP).  The nuclear systems include the Reactor System, the Vessel 
System, the Shutdown Cooling System (SCS), the Fuel Handling System, and the Reactor 
Cavity Cooling System (RCCS).  These systems and are described in the following sections.  
The GT-MHR design features for fuel performance and radionuclide control are described in 
Section 3.1.4. 

3.1 Reactor System 

As indicated in Section 2, the NGNP nuclear heat source will be a single 600-MWt GT-MHR 
module with some modifications to permit operation with a reactor outlet coolant temperature of 
950°C (vs. 850°C for the GT-MHR) and a second primary coolant loop to transport heat to the 
IHX (for transfer to the secondary HTS, which transports the heat to the hydrogen production 
facilities).  Accordingly, this section first describes the GT-MHR design and then discusses the 
potential design modifications for operation at a reactor outlet coolant temperature of 950°C.  
Figure 3.1-1 shows a cross-sectional view of the GT-MHR Reactor System, which includes the 
reactor core, the neutron control system, and other equipment within the reactor vessel.  Table 
3.1-1 summarizes the GT-MHR core design parameters. 

3.1.1 Fuel Design 

3.1.1.1 GT-MHR Design 

The GT-MHR fuel element and its components are shown in Figure 3.1-2 [Shenoy 1996].  The 
fuel for the GT-MHR consists of microspheres of uranium oxycarbide that are coated with 
multiple layers of pyrolytic carbon (pyrocarbon) and silicon carbide.  The GT-MHR core is 
designed to use a blend of two different particle types; a fissile particle that is enriched to 19.8% 
U-235 and fertile particle with natural uranium (NU, enrichment of 0.7% U-235).  The 
fissile/fertile loading ratio is varied with location in the core, in order to optimize reactivity control, 
minimize power peaking, and maximize fuel cycle length.  The GT-MHR coated particle design 
parameters are given in Table 3.1-2.  The fissile and fertile particle designs are somewhat 
different, with the fertile particle having a larger kernel and a thinner buffer coating layer.  
Preliminary core physics calculations performed by INL for an NGNP prismatic block MHR 
suggest that the reactor may be able to utilize a single fuel particle design, with the fuel particles 
potentially having different U-235 enrichments.  However, more detailed calculations are 
needed to confirm that a single fuel particle design provides adequate core design flexibility. 

The buffer, inner pyrocarbon (IPyC), silicon carbide (SiC), and outer pyrocarbon (OPyC) layers 
are referred to collectively as a TRISO7 coating.  The coating system can be viewed as a minia-
ture pressure vessel that provides containment of radionuclides and gases.  This coating 
system is also an excellent engineered barrier for long-term retention of radionuclides in a 
repository environment.  The functions of the fuel kernel and coating layers during operation of 
the GT-MHR are described below. 

7 TRISO is an acronym for TRI-material, ISOtropic, with the materials being low-density pyrolytic 
carbon (buffer), high density pyrolytic carbon (IPyC and OPyC), and SiC.
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Figure 3.1-1.  GT-MHR Reactor System 
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Table 3.1-1.  GT-MHR Core Design Parameters 

Core thermal power (MWt) 600 

Number of fuel columns 102 

Number of fuel blocks per column 10 

Thermal power density (MWt/m
3
) 6.6 

Effective inner diameter of active core (m) 2.96 

Effective outer diameter of active core (m) 4.83 

Active core height (m) 7.93 

Fissile fuel (19.8% enriched in U-235) UC0.5O1.5

Fertile Fuel (natural U) UC0.5O1.5

Equilibrium fuel cycle length (full-power days) 425 

Number of columns per refueling segment 51 

1748 (fissile fuel) 
Mass of heavy metal per refueling segment (kg)  

514 (fertile fuel) 

Core inlet temperature ( C) 490

Core outlet temperature ( C) 850

Core upper plenum inlet pressure (MPa) 7.1 

Core pressure drop (MPa) 0.058 

Coolant flow rate (kg/s) 322 

Figure 3.1-2.  GT-MHR Fuel Element Components 
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Table 3.1-2.  GT-MHR Coated Particle Design Parameters 

Fissile Particle Fertile Particle

Composition UC0.5O1.5 UC0.5O1.5

Uranium enrichment, % 19.8 0.7 (Natural Uranium) 

Dimensions (µm) 

Kernel Diameter 350 500 

Buffer thickness 100 65 

IPyC thickness 35 35 

SiC thickness 35 35 

OPyC thickness 40 40 

Particle diameter 770 850 

Material Densities (g/cm
3
)

Kernel 10.5 10.5 

Buffer 1.0 1.0 

IPyC 1.87 1.87 

SiC 3.2 3.2 

OPyC 1.83 1.83 

Elemental Content Per Particle (µg) 

Carbon 305.7 379.9 

Oxygen 25.7 61.6 

Silicon 104.5 133.2 

Uranium 254.1 610.2 

Total particle mass (µg) 690.0 1184.9 

Design burnup (% FIMA)
 (a)

 26 7 
(a)

Fissions per Initial Metal Atom 
(FIMA)

Fuel Kernel.  The oxycarbide kernel composition was selected for the GT-MHR primarily 
because of its ability to perform well at relatively high burnup.  The carbide component of the 
kernel undergoes oxidation to getter excess oxygen released during fission.  If the carbide 
component were not present, excess oxygen would react with carbon in the buffer to form 
carbon monoxide.  High levels of carbon monoxide can lead to failure of the coating system by 
overpressurization and kernel migration (Section 3.1.4.2).  The oxide component of the kernel is 
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highly effective at retaining many radionuclides that can chemically attack or diffuse through the 
coating layers (e.g., lanthanides and strontium, respectively). 

Buffer.  The buffer is deposited over the kernel and consists of low-density, porous pyrocarbon.  
The buffer attenuates fission fragments that recoil from the kernel and provides sufficient void 
space to accommodate gases, including gaseous fission products and CO.  The buffer also acts 
as a sacrificial layer to accommodate potential kernel migration and swelling and isolates the 
kernel from load-bearing layers of the coating system.

IPyC Layer.  The high-density IPyC layer protects the kernel and buffer from chemical attack by 
chlorine compounds, which are generated as byproducts during deposition of the SiC layer.  
The IPyC layer also provides a surface for deposition of the SiC layer and delays transport of 
radionuclides to the SiC layer.  The IPyC layer shrinks with the accumulation of fast neutron 
fluence, which helps to maintain the SiC layer in compression, provided the bond between the 
IPyC and SiC layers remains strong and continuous during irradiation (Section 3.1.4.2). 

SiC Layer.  The SiC layer is deposited under conditions that produce a high-density, high-
strength coating with a fine-grain microstructure.  This layer provides the primary structural 
support to accommodate stresses generated by internal gas pressure and irradiation-induced 
dimensional changes of the pyrocarbon layers.  The SiC layer provides an impermeable barrier 
to gaseous, volatile, and most metallic fission products during normal operation and hypothetical 
accidents.  Dimensional changes of the SiC are very small during irradiation, and it is 
considered to be dimensionally stable. 

OPyC Layer.  The high-density OPyC layer protects the SiC layer from mechanical damage 
that may occur during fabrication of fuel compacts and fuel elements, and provides a bonding 
surface for the compact matrix.  The OPyC layer also shrinks during irradiation, which helps to 
maintain the SiC layer in compression.  The OPyC layer prevents the release of gaseous fission 
products, if both the IPyC and SiC layers are defective or fail in service. 

Fuel Compacts.  Each fuel compact is a mixture of fissile, fertile, and graphite shim particles 
bonded together with a carbonaceous matrix into a rod-shaped compact with dimensions 12.45 
mm (0.49 in.) in diameter and 49.3 mm (1.94 in.) in length.  The fuel compacts are stacked in 
the blind fuel holes of the graphite fuel element.  Graphite plugs are cemented into the tops of 
the fuel holes to enclose the stacked compacts.  The stacks under each of the four dowels per 
graphite fuel element block contain 14 fuel compacts; all other stacks contain 15 fuel compacts.  
Because of sorption mechanisms, the fuel compacts can provide an additional barrier to the 
release of metallic fission products.  Fuel compact design parameters are given in Table 3.1-3. 

Graphite Fuel Element Blocks.  The standard GT-MHR fuel-element graphite block and the 
arrangement of fuel holes, coolant holes, and lumped burnable poison8 (LBP) holes is shown in 
Figure 3.1-3.  The graphite blocks are fabricated from high-purity, nuclear-grade graphite.  Each 
block is a right hexagonal prism with dimensions 794 mm (31.2 in.) in length and 360 mm (14.2 
in.) across the flats of the hexagonal cross section.  Fuel and coolant holes run parallel through 
the length of the block in a regular triangular pattern of nominally two fuel holes per coolant 
hole.  The pitch of the coolant and fuel-hole array is 18.8 mm (0.74 in.).  The minimum web 
thickness between a coolant hole and fuel hole is 4.5 mm (0.18 in.).  This web provides an  

8 B4C is used as lumped (or fixed) burnable poison to control reactivity.  Compacts containing 
coated B4C and graphite shim granules are inserted into holes designated for lumped burnable 
poison, which are located near the corners of the block.
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Figure 3.1-3.  GT-MHR Standard Fuel Element (dimensions in inches) 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 3-7 

additional barrier to release of metallic fission products.  Design parameters for the standard 
fuel element are given in Table 3.1-4.  A standard fuel element has 210 blind fuel holes, 108 
coolant holes, and contains 3126 fuel compacts. In addition to standard fuel elements, the GT-
MHR active core contains fuel elements with a single, larger diameter channel to allow insertion 
of control rods (having a 4.0 in. diameter channel) or additional poison capability through 
reserve shutdown control (RSC), having a 3.75 in. diameter channel.  A control/RSC element 
has 186 blind fuel holes, 95 coolant holes, and contains 2766 fuel compacts.  Figure 3.1-4 
shows the control/RSC element design. 

Table 3.1-3.  GT-MHR Fuel Compact Design Parameters 

Diameter (mm) 12.45 

Length (mm) 49.3 

Volume (cm
3
) 6.0 

Shim particle composition H-451 or TS-1240 graphite 

99 wt % < 1.19 mm 
Shim particle size 

95 wt % < 0.59 mm 

Shim particle density (g/cm
3
) 1.74 

Binder type Thermosetting resin 

Filler Graphite powder 

Matrix density (g/cm
3
) 0.8 to 1.2 

Volume fraction occupied by matrix 0.39 

Volume fraction occupied by shim particles in an average compact
(a)

 0.41 

Volume fraction occupied by fissile particles in an average compact
(a)

 0.17 

Volume fraction occupied by fertile particles in an average compact
(a)

 0.03 

Number of fissile particles in an average compact
(a)

 4310 

Number of fertile particles in an average compact
(a)

 520 

Mass of carbon in an average compact,
 (a)(b)

 (g) 6.62 
(a)

Values for an average compact are determined by assuming heavy metal (uranium) is distributed uniformly in 
the reactor core. 

(b)
This value excludes carbon in the layers of the coated particles.  For an average compact, there is an 

additional 1.32 g of carbon associated with fissile particles and an additional 0.20 g of carbon associated with 
fertile particles. 
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Table 3.1-4.  GT-MHR Standard Fuel Element Design Parameters 

Shape Hexagonal Prism 

Type of graphite Nuclear Grade H-451 or equivalent 

Mass of graphite per element (kg) 90 

794, (31.2) in length 
Dimensions [mm, (in.)] 

360, (14.2) across flats of hexagon 

Volume
(a)

 (m
3
) 0.0889 

Total number of fuel holes 210 

Number of fuel holes under dowels 24 

Fuel hole diameter [mm, (in.)] 12.7, (0.5) 

752.6, (29.63) under dowels 
Fuel hole length [mm, (in.)] 

781.5, (30.77) not under dowels 

14 for holes under dowels 
Number of fuel compacts per fuel hole 

15 for holes not under dowels 

Number of fuel compacts per element 3126 

LBP holes per element 6 

LBP hole diameter [mm, (in.)] 12.7, (0.5) 

LBP hole length [mm, (in.)] 781.5, (30.77) 

Total number of coolant holes 108 

15.88, (0.625) for larger holes 

Coolant hole diameter [mm, (in.)] 12.7, (0.5) for the 6 smaller holes near 
the center of the block 

Pitch of coolant/fuel-hole array [mm, (in.)] 18.8, (0.74) 

Total mass of an average fuel element
(b),(c)

 (kg) 122 

Mass of carbon in an average fuel element
(b),(d)

 (kg) 110.7 

Mass of LEU fuel in an average fresh fuel element
(b)

 (kg) 3.43 

Mass of natural uranium fuel in an average fresh fuel 
element

(b)
 (kg) 

0.995

Number of fissile particles in an average fuel element
(b)

1.35  10
7

Number of fertile particles in an average fuel element
(b)

1.63  10
6

Electrical energy generated by an average fuel element at 
discharge

(b)
 [MWe-yr] 

0.637

(a)
Calculated assuming a solid hexagonal prism with all fuel and coolant holes filled, i.e., this is the physical volume 

a fuel element would occupy. 

(b)
Values for an average fuel element are determined by assuming heavy metal (uranium) is distributed uniformly in 

the reactor core. 

(c)
This value includes graphite and fuel compacts, but excludes lumped burnable poison. 

(d)
This value excludes carbon in the layers of the coated particles.  For an average fuel element, there is an 

additional 4.13 kg of carbon associated with fissile particles and 0.62 kg of carbon associated with fertile particles. 
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Figure 3.1-4.  GT-MHR Control/Reserve Shutdown Fuel Element (dimensions in inches) 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 3-10 

3.1.1.2 Use of Japanese Fuel in NGNP 

As discussed in Section 3.1.1.1, the reference fuel type for the GT-MHR is UCO.  However, 
there is no credible supplier of UCO fuel that can support startup of the NGNP in the required 
time frame (i.e., by 2018).  Furthermore, there are no credible domestic U.S. sources for 
fabrication of large quantities of coated-particle fuel of any type, such as would be required for 
the NGNP.  Consequently, GA has formulated a fuel acquisition strategy for the NGNP based 
on obtaining the TRISO-coated UO2 for the first core fuel load (and possibly one or more reload 
segments) from Nuclear Fuel Industries (NFI) in Japan.  Under the envisioned plan, NFI would 
fabricate the kernels, coated particles, and fuel compacts for the initial core of the NGNP and 
would send the fuel compacts to the U.S. for loading into the graphite fuel blocks. 

GA prepared draft fuel product specifications to define the property requirements for the kernels, 
coated particles, and fuel compacts.  The requirements were written to be consistent with an 
NFI fuel particle design in order to utilize NFI’s existing fuel manufacturing capability to the 
greatest extent possible, thereby avoiding a significant fuel R&D program.  The NFI extended 
burnup fuel particle design was selected rather than the reference High Temperature 
Engineering Test Reactor (HTTR) fuel particle design because this fuel particle is designed for 
irradiation to higher burnup and is more consistent with the reference German fuel particle 
design.  Table 3.1-5 summarizes the physical properties of two NFI fuel particle designs and 
compares them to the reference German particle and to the Advanced Gas Reactor (AGR) 
reference fuel particle as defined in the preliminary AGR fuel product specification [AGR Fuel 
Spec. 2004].  The primary implications of this approach are that the kernel will be UO2 (rather 
than UCO), the U-235 enrichment will be 10% (as opposed to the effective U-235 enrichment of 
about 10.8% for the GT-MHR initial core), the fuel compacts will be made using the HTTR 
matrix material, and the particle packing fraction in the fuel compacts is limited to about 30%.  
The fuel quality requirements written into the draft fuel product specification are consistent with 
the desired quality level for NGNP as specified in the preliminary AGR fuel product specification 
(Table 3.1-15 in Section 3.1.4.4). 

Table 3.1-5.  Physical Properties of NFI Fuel, AGR Reference Fuel, & German Fuel 

Property NFI HTTR
NFI Extended Burnup

(HRB-22) 
AGR Target 

Spec.
German

Kernel Diameter (µm) 600 544 350 508 

U-235 Enrichment (%) ~ 3 – 9.9 4.1 19.8 10.6 

Buffer Thickness (µm) 60 97 100 100 

IPyC Thickness (µm) 30 33 40 39 

SiC Thickness (µm) 25 34 35 35 

OPyC Thickness (µm) 45 39 40 40 

Buffer density (g/cm
3
) 1.10 1.1 0.95 1.02 

IPyC & OPyC density (g/cm
3
) 1.85 1.85 1.90 1.91 

SiC density (g/cm
3
) 3.20 3.20 >3.19 3.20 

Max. Burnup (% FIMA) 3.6 10 25 ~10 
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GA performed 2-dimensional physics burnup calculations for a 600-MWt GT-MHR core utilizing 
the single 10% low-enriched uranium (LEU) fuel particle through reload cycle 2.  The basis for 
choosing the NFI fuel loadings was to have a heavy-metal loading close to the reference GT-
MHR design.  The basis for choosing the NFI LBP loadings was to have a similar amount of 
excess reactivity compared to the reference GT-MHR design.  Two different reload strategies 
for the 10% LEU GT-MHR core were evaluated and determined to be feasible: (1) operate initial 
cycle through 425 effective full-power days (EFPD) and then reload the entire core with U.S. 
made fuel, and (2) reload at ~300 EFPD intervals with 10% LEU fuel fabricated by NFI.  The 
latter approach helps minimize column power oscillations towards end-of-cycle.  Results from 
the strategy study are shown in Table 3.1-6.  If a U.S. fuel source is available soon after NGNP 
startup, NFI strategy A should be implemented.  Otherwise, NFI strategy B can be implemented 
continuously until the U.S. fuel source is available.  The results also indicated that a GT-MHR 
loaded with NFI made fuel, with some further optimization of fuel and FBP loadings/zonings, can 
meet a satisfactory core physics design with respect to power peaking and fast fluxes. 

Table 3.1-6.  NGNP Core Operation Strategies 

Parameters 
Initial NFI UO2

Fuel
Transitioned U.S. 

UC0.5O1.5 Fuel 

NFI Strategy Label A B — 

Refueling Interval (months) 16 11.3 18 

Columns Refueled Each Cycle 102 51 51 

Refueling Time (days) 14 14 14 

Module Capacity Factor (%) 87 87 87 

Equilibrium Cycle Length (EFPD) 425 300 425 

Cycle to Transition from NFI to U.S. Source 2 
After 2nd 

cycle 
—

Fuel Loading (kg):    

Initial Core: LEU 5650 5650 2643.6
(a)

 NU — — 3006.8
(a)

Reloads:  LEU — 2865 1748.1 

 NU — — 514.1 

LBP Initial Core Loading (kg) 0.8 0.8 1.994
(a)

LBP Reloads Loading (kg) — 0.6 1.6 
(a)

Only if NFI Strategy A is implemented    

In order to assess the feasibility of having NFI fabricate the fuel for the initial core of the NGNP 
(assuming that the NGNP is a prismatic block MHR), GA conducted an evaluation with private 
funding in 2004 to determine if NFI has the manufacturing capability necessary to fabricate fuel 
of the required design, quantity, and quality on an acceptable schedule and at reasonable cost.  
A meeting was held between GA fuel experts and NFI at NFI’s Tokai fuel manufacturing plant in 
March 2004.  NFI proposed to make the fuel for the initial core in 5 years (from 2010 to 2015) 
using their existing HTTR fuel manufacturing lines supplemented by an additional compact 
fabrication line that they intended to install within the next year (for HTTR fuel production) and 
additional fuel storage capacity (which will require a modification to their existing License).   
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Although it is clear that NFI’s HTTR compacting capability (even with the addition of the second 
compacting line) will be inadequate to produce the required number of fuel compacts for the 
NGNP initial core in 5 years, NFI believes that it can re-engineer its compacting press to 
achieve the necessary throughput.  The possibility of NFI fabricating the fuel in less than 5 years 
was discussed, but NFI did not believe that this would be feasible.  Based on the information 
presented by NFI at the meeting and on observations by the GA personnel during tours of the 
NFI facilities, GA concluded that NFI has the ability to make fuel to the GA specified 
requirements.  However, a significant concern arising from the meeting is the relative scarcity of 
irradiation test data and accident conditions test data for fuel fabricated in NFI’s current facility.  
Clearly, early fabrication of proof test fuel by NFI for irradiation in the U.S. will be necessary. 

Overall, GA concluded that it would be feasible to use a single fuel particle having 10% U-235 
enrichment in the NGNP initial core and that NFI would be a viable supplier of fuel meeting GA’s 
anticipated NGNP fuel requirements. 

3.1.2 Reactor Core and Internals Design 

3.1.2.1 Reference GT-MHR Design 

Figures 3.1-5 and 3.1-6 show the GT-MHR core design and its cross section at vessel 
midplane, respectively.  The active core consists of 102 fuel columns in three annular rings with 
10 fuel blocks per fuel column, for a total of 1020 fuel blocks in the active core.  As shown in 
Figure 3.1-7, the core is designed with 120-degree symmetry and the control rods are also 
operated symmetrically.  The outer reflector contains 36 control rods, arranged as 12 groups 
with 3 rods per group.  There are 4 control-rod groups in the active core, again with 3 rods per 
group.  The core also contains 18 channels for insertion of RSC material (in the form of 
boronated pellets) in the event the control rods become inoperable.  During operation, control 
rods in the active core are completely withdrawn, and only the control rods in the outer reflector 
are used for control.  This control method precludes damage to the in-core control rods during 
loss-of-coolant accidents.  A control rod design using a carbon-carbon composite for the 
cladding material is being evaluated that would allow the in-core rods (or control rods located in 
the inner reflector) to be used during normal operation, which will provide greater flexibility for 
flattening the radial power distribution and provide some additional margin for maintaining fuel 
temperatures and fuel performance within acceptable limits. 
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Figure 3.1-5.  GT-MHR Core Design 

Figure 3.1-6.  GT-MHR Core Cross Section at Vessel Midplane 
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Figure 3.1-7.  The GT-MHR Core is Designed with 120-degree Symmetry 

For the equilibrium fuel cycle, one-half of the core (510 fuel elements) is reloaded every 425 full-
power days, corresponding to an equilibrium residence time of 850 EFPD for each fuel element.  
Each reload segment contains 1748 kg of low-enriched uranium and 514 kg of natural uranium. 
In addition to the fuel elements, other graphite reactor internal components include the side, 
central, top, and bottom graphite reflector elements and the graphite core support assembly.  
Fuel and reflector elements are aligned using four dowel/socket connections at each axial 
element-to-element interface.  Metallic reactor internal components include the metallic core 
support, the upper core restraint, and the upper plenum shroud.  These metallic components 
are manufactured from high-temperature alloys (e.g., Incoloy 800H, Hastelloy-X, or Inconel 
617).

The lower graphite core support assembly consists of two layers of hexagonal elements, 
support pedestals for the fuel and reflector columns that form the lower plenum, and the lower 
plenum floor, which consists of a layer of graphite elements and two layers of ceramic elements 
that insulate the metallic core support from the hot helium in the lower plenum.  The upper core 
restraint elements have the same hexagonal cross sections as the graphite elements below 
them and are one-half the height of a standard fuel element.  Dowel/socket connections are 
used to align the core-restraint elements with the graphite blocks.  The core restraint elements 
are also keyed to each other and to the core barrel.  The upper core restraint blocks provide 
stability during refueling and maintain relatively uniform and small gaps between columns during 
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operation.  The metallic core support includes a floor section and a core barrel that are welded 
together.  The metallic core support is supported both vertically and laterally by the reactor 
vessel.  The upper plenum shroud is a welded, continuous dome that rests on top of the core 
barrel to form the upper plenum.  The upper plenum shroud includes penetrations for inserting 
control rods and reserve shutdown material, for refueling, and for core component replacement. 

3.1.2.2 Design Modifications for Higher Temperature Operation 

The GT-MHR was designed to operate with coolant inlet and outlet helium temperatures of 
490°C and 850°C, respectively.  For the GT-MHR, the inlet coolant flow is routed through riser 
channel boxes between the core barrel and vessel (Figure 3.1-8).  With this configuration, the 
design of the reactor vessel (including wall thickness and materials selection) is driven in large 
measure by the design point selected for the coolant inlet temperature.  For the GT-MHR, the 
inlet temperature also has an impact on performance of the PCS.  The design point of 490°C 
ensures high-efficiency operation of the PCS and acceptable operating conditions for a reactor 
vessel manufactured from steels that do not experience creep damage at higher temperatures 
(e.g., 2¼Cr-1Mo or 9Cr-1Mo-V-V).  The design point of 850°C for the outlet temperature 
eliminates the need for turbine blade cooling. 

Figure 3.1-8.  GT-MHR Primary Coolant Flow Path 
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For NGNP, the coolant-outlet temperature was increased to 950°C, in part to compensate for 
temperature drops through the IHX and maintain high thermal efficiency for hydrogen production 
and other process-heat applications.  The coolant inlet temperature was also increased by 
100°C to 590°C to provide a sufficiently high coolant flow and convective heat-transfer rate 
within the MHR core that ensures acceptable fuel performance and limits release of Ag-110m 
and other noble-metal fission products that can diffuse through intact SiC coatings at high 
temperatures.9  However, this higher coolant-inlet temperature will result in reactor vessel 
temperatures that could exceed the limits for Cr-Mo steels if the current GT-MHR flow 
configuration was used.  Higher vessel temperatures will also result in higher parasitic heat 
losses to the RCCS during normal operation.  For this reason, one of the design modifications 
for NGNP is to route the inlet flow through holes in the Permanent Side Reflector (PSR), which 
places additional thermal resistance between the inlet flow path and reactor vessel and lowers 
vessel temperatures.  Thermal analyses show this design modification can reduce vessel 
temperatures by approximately100°C.  The PBMR and JAEA GTHTR300 designs also route the 
inlet flow through the PSR. 

Other design modifications that have been investigated include modifications to the reactor 
internal design to reduce bypass flow and modifications to the fuel-element design to enhance 
heat transfer.  In addition, fuel shuffling strategies have been investigated that can reduce 
power peaking factors.  These modifications can provide additional margin for fuel temperatures 
during normal operation, and may allow additional reduction of the coolant inlet temperature, 
such that SA-533/SA-508 steel (used for LWR reactor vessels) could be used for the NGNP 
reactor vessel. 

Work related to these design modifications has been performed as part of the current NGNP 
Pre-Conceptual Design Study and other previous and on-going projects.  These other projects 
include:

• Commercial H2-MHR pre-conceptual design studies performed by GA, INL, and Texas 
A&M University under the DOE NERI program, completed in April 2006 [Richards 2006a, 
Richards 2006b]. 

• Previous collaborations between Fuji Electric Systems (FES) and GA [Richards 2004]. 
• Work performed as part of ongoing collaborations between GA and KAERI for 

development of nuclear hydrogen production using the VHTR [Richards 2007]. 
• The joint U.S./Russian program for disposition of surplus weapons plutonium using the 

GT-MHR [Karasev 2006], led by OKBM of the Russian Federation with review/oversight 
from GA. 

Inlet Flow Configuration Modifications.  As part of the NERI H2-MHR studies [Richards 
2006a, Richards 2006b], the ATHENA code was used to assess the impact of higher coolant 
temperatures on steady-state vessel temperatures, parasitic RCCS heat losses, and peak fuel 
temperatures during LOCAs.  Both the reference GT-MHR inlet flow configuration and two 
alternative inlet flow configurations were evaluated.  These alternative configurations route the 
flow through holes in the inner reflector and/or holes in the PSR in order to increase the thermal 
resistance between the inlet flow path and the vessel.  Preliminary evaluations showed that both 
configurations had nearly the same effect in terms of reducing vessel temperatures and 
parasitic heat losses to the RCCS.  However, routing the inlet flow through the inner reflector 

9 For a fixed reactor thermal power level, the product of core T and total coolant mass flow rate 
is constant, i.e., increasing the core T by lowering the inlet temperature will result in a lower 
total coolant mass flow rate and lower coolant velocities within the graphite fuel elements.
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resulted in a greater loss of heat capacity (from removal of graphite to provide the flow paths), 
which caused peak fuel temperatures to increase by about 40 C during a LOCA.  Figure 3.1-9 
shows a cross-sectional view of the revised configuration with inlet coolant holes in the PSR. 

Figure 3.1-9.  MHR Configured with PSR Inlet Flow (HS = ATHENA Heat Structure) 

The ATHENA code was used to assess the impact of increasing the coolant inlet temperature 
for the current GT-MHR flow configuration.  Increasing the coolant inlet temperature from 490°C 
to 590°C causes the peak vessel temperature to increase from 453°C to 541°C.  The core 
pressure drop increases by about 10% from 51 kPa to 56 kPa because of the increase in helium 
viscosity with temperature. 

The ATHENA code was also used to evaluate and optimize the PSR inlet flow configuration.  
Considerations included the quantity of graphite (and associated heat capacity) removed to form 
the coolant holes, total pressure drop through the vessel and its impact on pumping power 
requirements, and coolant inlet velocity.  Inlet coolant hole diameters of 4, 6, and 8 inches were 
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used, depending on the cross-sectional area and shape of the PSR columns.  The reconfigured 
PSR blocks should provide sufficient wall thicknesses to accommodate stresses and, if 
necessary, provide space to include boronated rods to reduce the accumulated fast neutron 
fluence to the reactor vessel.  Parameters for the optimized PSR inlet flow configuration are 
given in Table 3.1-7.  With a coolant inlet temperature of 590°C, the maximum steady-state 
vessel temperature was predicted to be 420°C, which is well within the margin for acceptable 
performance of 2¼Cr-1Mo steel.  The parasitic heat loss to the RCCS was estimated to be 2.1 
MW, which is well within the design goal of about 3 MW.  The primary impact of the PSR inlet 
flow configuration is an increase in total vessel pressure drop of about 25 kPa, primarily 
because the inlet flow area is reduced from 4.62 m2 for the original channel-box flow 
configuration to 1.64 m2 for the PSR flow configuration. 

Table 3.1-7.  Optimized PSR Inlet Flow Configuration 

PSR Total Inlet Coolant Flow Area (m
2
) 1.64 

Total Graphite Removed from Outer Reflector (%) 10 

Number of Coolant Holes  

 4 in. 18 

 6 in. 18 

 8 in. 36 

Pressure Drop (Core + PSR Flow Paths) (kPa) 80 

Maximum Steady State Vessel Temperature ( C) 420

Parasitic Heat Loss to RCCS (MW) 2.1 

As shown in Figure 3.1-10, OKBM has also adopted an inlet flow configuration with flow through 
the PSR blocks.  To increase the inlet flow area and reduce the pressure drop associated with 
the riser section, the OKBM design also includes inlet flow channels in the central seven 
columns of the inner reflector.  As shown in Figure 3.1-11, the inlet flow collects in an upper 
plenum that is part of the in-vessel metal works (IVM).  The IVM includes the core barrel, the 
upper and lower support plates, upper plenum shroud, lower plenum shroud, sealing tubes to 
prevent leakage around the control rod assemblies, the hot gas duct, the upper core restraint, 
and the SCS header.  Table 3.1-8 provides an estimate of the pressure drops associated with 
the helium flow paths within the reactor vessel.  The total pressure drop is approximately 103 
kPa, of which 64 kPa results from flow through the active core and support columns.  As shown 
in Figure 3.1-12, the core support columns for the OKBM design are annular and are used to 
exhaust the helium flow into the lower plenum.  This design enhances mixing in the lower 
plenum, but adds some additional pressure drop to the flow circuit.  The pressure drop 
associated with the coolant riser sections in the inner reflector and PSR is approximately 18 
kPa, which is about 7 kPa lower than the case calculated for the NERI study [Richards 2006a] 
that considered flow through the PSR only.  As discussed above, a potential drawback to 
including the flow paths through the central reflector is the impact of removal of heat capacity on 
the core temperature response during accident conditions. 
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Figure 3.1-10.  OKBM Vessel and Reactor Internals Design 
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Figure 3.1-11.  OKBM In-Vessel Metal Works Design 
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Figure 3.1-12.  OKBM Core Support Design 
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Table 3.1-8.  OKBM Estimate of Pressure Drops in Reactor Vessel 

Section
Pressure Drop

(kPa) 

Inlet from cross vessel into reactor 4.99 

Lower header 0.43 

Inlet to space between the upper and lower metallic support plates 5.96 

Space between the upper and lower metallic support plates 0.015 

Riser sections in the central reflector and PSR 17.67 

Upper plenum 0.12 

Core + support columns 64 

Lower plenum 9.36 

Outlet from lower plenum into hot gas duct 0.66 

Total 103.2

KAERI has also investigated routing the inlet flow through the PSR, and using a slipstream of 
cooler helium (140°C) to provide direct vessel cooling.  For the latter, the source of cooler 
helium could be the exhaust of the PCS compressor, the return from the helium purification 
system, or an independent system.  Use of direct vessel cooling as a design feature will require 
a thorough evaluation of the impacts on passive safety, investment protection, and licensing.  
As shown in Figure 3.1-13, the KAERI concept is similar to the PBMR design, with the upper 
plenum being part of the top reflector graphite structure.  The design includes a total of 54 PSR 
riser channels, each with a diameter of 200 cm.  The corresponding total flow area associated 
with the riser channels is approximately 1.7 m2.  Assuming inlet/outlet temperatures of 
590 C/950 C (corresponding to a flow rate of 320 kg/s) and a system pressure of 70 bar, KAERI 
performed detailed CFD analyses of the flow distribution to the PSR riser channels around the 
circumference of the reactor.  As shown in Figure 3.1-14, flow rate variation around the 
circumference of the reactor was approximately ±20% from the average flow rate. 

KAERI also performed CFD analyses of the upper plenum to assess the impact of non-uniform 
flow from the PSR riser channels on the flow distribution to the fuel columns.  For this study, the 
core was modeled as an equivalent porous medium with a flow resistance corresponding to a 
pressure drop of 50 kPa.  As shown in Figure 3.1-15, the upper plenum effectively mitigates the 
non-uniform flow distribution from the PSR riser channels, provided the plenum height is a factor 
of 2 or more greater than the diameter of the PSR riser channel.  However, there will be some 
variation in the flow distribution to the fuel columns because of non-uniform flow resistances of 
the fuel columns themselves, which result from non-uniform power distributions and non-uniform 
fuel/graphite temperatures. 
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Figure 3.1-13.  KAERI Concept for PSR Inlet Flow and Direct Vessel Cooling 

Figure 3.1-14.  Variation in PSR Inlet Flow Around Reactor Circumference 
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Figure 3.1-15.  Effect of Upper Plenum Height on Flow Distribution to Fuel Columns 

KAERI assessed direct vessel cooling by using coupled CFD and systems codes to model a 
slipstream flow of 140°C helium between the core barrel and reactor vessel (Figure 3.1-16).  
Figure 3.1-17 shows the temperature distribution with and without vessel cooling for a 
slipstream flow rate of 6.4 kg/s, which corresponds to 2% of the total coolant flow rate.  These 
results show that direct vessel cooling can maintain vessel temperatures well below the normal-
operation design limit of 371°C for SA-533/SA-508 steel.  These results indicate that it may be 
possible to achieve the same design objective of using conventional LWR steel without requiring 
direct vessel cooling, provided the inlet coolant temperature could be lowered by approximately 
100°C without exceeding the design requirements for fuel performance and fission-product 
release.
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Figure 3.1-16.  KAERI CFD and Systems Code Model for Direct Vessel Cooling 

Figure 3.1-17.  Temperature Distribution With and Without Direct Vessel Cooling 

KAERI used the GAMMA system code to model pressurized and depressurized core heatup 
accidents and estimate maximum vessel temperatures as a function of time during these 
accidents (Figures 3.1-18 and 3.1-19).  For the pressurized accident, a peak vessel temperature 
of 463 C occurs at about 70 hours after initiation of the accident and the maximum vessel 
temperature remains above 371°C for approximately 250 hours.  For the depressurized 
accident, a peak vessel temperature of 517°C occurs at about 82 hours after initiation of the 
accident and the maximum vessel temperature remains above 371°C for approximately 488 
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hours.  For both accident scenarios, the peak vessel temperature remains below the ASME 
code limit of 538°C for SA-533/SA-508 steel during transients and the time at temperatures 
above 371°C remains below the code limit of 1000 hours.  However, more detailed creep-
damage analyses are required to determine if these conditions are acceptable for a RPV 
manufactured from SA-533/SA-508 steel. 

Figure 3.1-18.  Maximum RPV Temperature during Pressurized Core Heatup Accident 

Figure 3.1-19.  Maximum RPV Temperature during Depressurized Core Heatup Accident 
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Bypass Flow Reduction.  Fuel temperatures can be reduced by reducing bypass flow.  Bypass 
flow is defined as any flow that bypasses the coolant holes of the fuel elements.  As shown in 
Figure 3.1-20, bypass flow channels include gaps between fuel columns and leakage 
between/from PSR blocks.  For the reference GT-MHR core design, approximately 3% of the 
flow is supplied to the control-rod channels, which have orifices to minimize bypass flow while 
also maintaining adequate cooling for the control rods.  Composite-clad control rods require little 
or no cooling, which helps reduce the bypass flow fraction.  Bypass flow can also be reduced by 
using graphite sealing keys below the active core to provide additional flow resistance for 
bypass flow occurring between fuel columns. Lateral restraint devices and sealing tubes in the 
PSR riser channels can reduce the leakage flow between/from the PSR blocks.  Figures 3.1-21 
and 3.1-22 illustrate how these sealing devices may be incorporated into the MHR design. 

Figure 3.1-20.  Examples of Bypass Flow 
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Figure 3.1-21.  Sealing Devices to Reduce Bypass Flow 
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Figure 3.1-22.  Core restraint Devices and PSR Sealing Tubes 

FES has analyzed the flow distribution in the reactor vessel using a 3-D, 120 -sector ANSYS 
model (Figure 3.1-23).  For the reference GT-MHR design (Figure 3.1-8), the bypass flow 
fraction is approximately 0.20.  As shown in Table 3.1-9, routing the inlet flow through the PSR 
increases the bypass flow fraction to 0.37, primarily because of the relatively large lateral 
pressure gradients between the inlet flow path and reactor core.  Adding sealing sleeves and 
lateral restraints reduces the bypass flow fraction to 0.14.  Adding sealing keys at the bottom of 
the core further reduces the bypass flow fraction to 0.10.  Reducing the bypass flow fraction 
from 0.20 to 0.10 reduces peak fuel temperatures by approximately 50°C.  The FES results are 
consistent with recent calculations performed by OKBM for their design concept shown in Figure 
3.1-10.  The OKBM design also includes sealing sleeves in the coolant riser paths and lateral 
restraints to reduce bypass flow.  As indicated in Figure 3.1-24, OKBM also estimates the 
bypass flow fraction to be approximately 0.10.  FES has also performed flow distribution 
calculations using the FLOWNET flow network code.  These calculations are discussed below 
under the section on Fuel Management Strategies. 

Fuel-Element Modifications.  The thermal performance of the graphite fuel element can be 
improved by reducing the temperature rise from the bulk coolant to the fuel compact centerline.  
This can be accomplished by reducing the diameters of the coolant holes and fuel compacts.  
This modified design is referred to as a 12-row block because the number of rows of fuel holes 
across the flats of the hexagonal block was increased from 10 to 12 (excluding boundary rows).  
Figure 3.1-25 shows the conventional 10-row block design and the 12-row block design.  
Parameters for the 10-row and 12-row block designs are given in Table 3.1-10.  For the 12-row 
block design, the minimum web thickness between the fuel and coolant holes was kept the 
same as the 10-row block for structural/strength considerations.  As shown in Figure 3.1-26, the 
12-row block design can reduce peak fuel temperatures by 30°C to 40°C, which can allow for 
reduction of the coolant inlet temperature.  The higher flow resistance for the 12-row block is 
compensated for by the lower flow rate associated with a lower inlet temperature. 
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Figure 3.1-23.  ANSYS Model for Calculating Flow Distribution 

Table 3.1-9.  Effect of Bypass Flow Reduction on Peak Fuel Temperatures 

Configuration 
Average Bypass 

Flow Fraction 
Over Core 

Height 

Peak Fuel 
Temperature
Change ( C)

Reference GT-MHR with Channel-Box Coolant Risers 0.20 — 

Reference GT-MHR with PSR Coolant Risers 0.37 +85 

Addition of Sealing Sleeves to PSR Risers 0.25 –36 

Addition of Restraint Devices to PSR 0.14 –40 

Addition of Sealing Elements at Core Bottom 0.10 –36 

Total  –47 
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Figure 3.1-25.  10-Row and 12-Row Block Designs 
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Table 3.1-10.  10-Row and 12-Row Block Design Parameters 

Parameter 10-Row Block 12-Row Block

Number of fuel holes 210 300 

Number of large coolant holes 102 147 

Number of small coolant holes (located near center of 
block)

6 6 

Fuel hole radius (cm) 0.635 0.5 

Large coolant hole radius (cm) 0.79375 0.63115 

Small coolant hole radius (cm) 0.5 0.5 

Minimum web thickness (cm) 0.45085 0.45085 

Triangular pitch (cm) 1.8796 1.582 

Graphite/fuel volume ratio 3.1473 3.724 

Number of fuel compacts per fuel element 3126 4460 

Compact fuel particle volume fraction 0.20 0.23 

Compact matrix volume fraction 0.39 0.39 

Compact graphite shim particle volume fraction 0.41 0.38 

Block Void Fraction 0.185 0.167 

Figure 3.1-26.  Comparison of 10-Row and 12-Row Block Thermal Performance 
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Fuel Management Strategies.  The baseline refueling scheme for the GT-MHR is to replace 
entire columns, such that at the beginning of an equilibrium cycle one-half of the core consists 
of fuel columns that contain fresh (“new”) fuel and the other half of the core consists of columns 
that contain “old” fuel that has been irradiated for one 425-EFPD cycle.  Previous studies have 
shown that power distributions can be flattened if a concept referred to as fuel placement is 
used.  With this concept, each column contains both new and old fuel in alternating layers at the 
beginning of an equilibrium cycle.  In effect, fuel placement reduces the “age” component of 
power peaking.  As shown in Figure 3.1-27, the fuel-placement refueling scheme can reduce the 
peak column-averaged power factor by about 6%.  Because the viscosity of helium increases 
with temperature, columns with higher peaking factors will tend to receive less flow, which 
further increases peak fuel temperatures.  Flattening the power distribution among fuel columns 
will reduce flow variations and help to reduce peak fuel temperatures.  

Figure 3.1-27.  Column-Average Power Factors for Fuel Placement Refueling 

As part of their work with GA on nuclear hydrogen development, KAERI has been investigating 
a similar refueling scheme for a 3-batch core (Figure 3.1-28).  The KAERI concept uses 9 fuel 
elements (slightly longer than standard) per column to facilitate a 3-batch shuffling scheme, and 
adds 6 additional columns (108 fuel columns) to reduce the average power density by 5.6%.  
KAERI has performed 3-dimensional physics calculations to evaluate this concept, using 12% 
enriched fissile fuel only and zoning the particle packing fraction to reduce radial peaking 
factors.  Figure 3.1-29 shows the calculated power distribution (at end of cycle when peaking 
factors were the highest) and Figure 3.1-30 shows the flow distribution calculated by GA using 
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the POKE code.  For these calculations, the bypass flow fraction was assumed to be 0.10 for 
each column.  Figure 3.1-31 shows the calculated core temperature distributions for the 10-row 
and 12-row block designs with a coolant outlet temperature of 950°C and the coolant inlet 
temperature reduced to 490°C.  Because of the relatively flat power and flow distributions, the 
calculated peak fuel temperature is below 1250°C, even with the reduced inlet temperature and 
coolant flow rate.  Only about 20% to 30% of the fuel is predicted to be above 1000°C, which 
helps limit release of Ag-110m and other noble metallic fission products. 

Figure 3.1-28.  KAERI Fuel Shuffling Scheme 
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Figure 3.1-29.  Calculated Power Distribution with KAERI Fuel Shuffling Scheme 

Figure 3.1-30.  Column Flow and Power Distributions with KAERI Fuel Shuffling Scheme 
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Figure 3.1-31.  Calculated Fuel Temperature Distribution with KAERI Fuel Shuffling 

Using this core configuration and power distributions, FES has performed normal-operation and 
safety assessments to determine under what conditions SA533 (SA508) steel could be used for 
the RPV without using direct vessel cooling.  The FLOWNET flow network code was used to 
calculate the flow distribution within the reactor vessel.  Figure 3.1-32 shows the FLOWNET 
model.  The sealing devices shown in Figures 3.1-21 and 3.1-22 were modeled as equivalent 
flow resistances using available correlations.  For these calculations, the lateral restraint devices 
shown in Figure 3.1-22 were not considered. The FES design also assumes the PSR blocks are 
manufactured from high-strength IG-11 graphite, which allows for larger-sized blocks and 
reduces bypass-flow gaps.  Figure 3.1-33 shows the core layout with the larger-sized PSR 
blocks.  The coolant outlet temperature was fixed at 950 C.  Calculations were performed for 
thermal power levels of 550 MW and 600 MW and coolant inlet temperatures of 490°C and 
590°C.  Temperature distributions for a representative channel in each column were calculated 
using the model shown in Figure 3.1-34.  The calculated flow distributions are shown in Figure 
3.1-35.  Figure 3.1-36 shows the calculated temperature distributions for column 11 (where 
peak temperatures occurred), and Figure 3.1-37 shows the horizontal temperature distribution 
for the case corresponding to 600 MWt and 490°C inlet temperature.  The fuel temperature as a 
function of fuel volume fraction is shown in Figure 3.1-38.  Results are summarized in 
Table 3.1-11.  The minimum bypass flow fraction was approximately 0.13 and was predicted to 
occur near the bottom of the core (where fuel temperatures are the highest).  The peak fuel 
temperatures ranged from 1212°C to 1267°C for the four cases.  Lowering the inlet temperature 
from 590°C to 490°C increased peak fuel temperatures by about 40°C, and raising the power 
level from 550 MWt to 600 MWt increased peak fuel temperatures by about 10°C. 
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Figure 3.1-32.  FLOWNET Model for Calculating Flow Distribution  
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Figure 3.1-33.  Core Layout with 108 Fuel Columns and Larger-Sized PSR Blocks 
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Figure 3.1-34.  FES Model for Calculating Fuel Column Temperature Distributions 
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Figure 3.1-35.  Calculated Flow Distributions Using FLOWNET Model 
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Figure 3.1-36.  Axial Temperature Distributions Calculated Using FES Model   

Figure 3.1-37.  Horizontal Temperature Distribution at Location of Peak Fuel Temperature 
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Figure 3.1-38.  Fuel Temperature Distribution Calculated Using FES Model 

Table 3.1-11.  Peak Fuel Temperatures and Bypass Flow Fractions 

Bypass Flow (%) Thermal

Power 

(MW) 

Inlet
Temp.

(
o
C)

Flow rate 

(kg/s) 

Peak Fuel 

Temp.

(
o
C)

min. max. avg. 

600 490 251 1267 13.2 21.5 18.2 

600 590 321 1222 12.7 20.0 17.8 

550 490 230 1257 13.1 21.3 18.1 

550 590 294 1212 12.7 19.9 17.7 

A 30-deg. sector ANSYS model was used to analyze both low-pressure conduction cooldown 
(LPCC) and high-pressure conduction cooldown (HPCC) events.  In order to reduce vessel 
temperatures during these accidents, the reactor internal design was modified to include a 
100-mm layer of carbon insulation on the outer radial boundary of the PSR, as illustrated in 
Figure 3.1-39.  This carbon insulation was also assumed to contain B4C to reduce neutron 
fluence to the RPV.  In the axial direction, the carbon insulation is applied over a length 
corresponding to the 3rd through 7th layers of fuel blocks.  Figure 3.1-40 shows the mesh of the 
3-D ANSYS model. 

A key parameter for these calculations is the graphite thermal conductivity, which decreases 
with damage caused by neutron irradiation.  For these studies, calculations were performed 
using both irradiated and unirradiated graphite properties.  Calculations were also performed 
assuming annealing of irradiation damage as the graphite temperature increases according to 
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the GA model for H-451 graphite.  Full recovery from irradiation damage is assumed to occur at 
temperatures greater than 1300 C.  The ANSYS model shown in Figure 3.1-41 was used to 
calculate the effective thermal conductivity of the graphite blocks.  Other key parameters that 
affect heat transfer to the RCCS are the emissivities of the PSR, core barrel, RPV, and RCCS 
panels.  The PSR, RPV outer face, and RCCS panels were assumed to have emissivities of 0.8.  
The core barrel inner and outer faces and inner face of the RPV were assumed to have 
emissivities of 0.6.  RCCS heat removal was assumed to occur by natural convection of air with 
an inlet temperature of 40°C and a stack height of 30 m.  Parametric studies were performed for 
stack heights of 20m and 40m.  The decay heat rate was assumed to be 15% higher than the 
nominal rate in order to account for uncertainties in thermal properties, i.e., uncertainties in 
decay heat, thermal conductivities, emissivities, etc. were approximately accounted for by 
lumping them into a higher decay heat rate.  Results for peak fuel and vessel temperatures for 7 
cases are summarized in Table 3.1-12.  In addition to the different assumptions regarding 
graphite thermal conductivity discussed above, thermal power levels of 500 MW, 550 MW, and 
600 MW were also analyzed.  These cases all correspond to coolant inlet/outlet temperatures of 
490°C/950°C.  Some cases with a coolant inlet temperature of 590°C were also analyzed, but 
the calculations resulted in vessel temperatures that were considerably higher than the 538°C 
limit for SA533 (SA508) steel.  Temperature histories and distributions are shown in Figures 3.1-
42 through 3.1-53.  Based on these results, the following conclusions are made: 

• The reduction in graphite thermal conductivity with irradiation results in a peak fuel 
temperature increase of approximately 100°C.  Accounting for thermal annealing of the 
irradiation damage reduces peak fuel temperatures by approximately 30°C.  However, the 
effect of irradiation on graphite thermal conductivity has little impact on peak vessel 
temperatures.

• With the current reactor configuration and RCCS design, the reactor power level would 
have to be reduced to approximately 500 MWt in order for peak vessel temperatures to 
remain below the 538°C limit for SA533 (SA508) steel. 

Figure 3.1-39.  Reactor Internal Modification to Include Carbon Insulation 
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Figure 3.1-41.  ANSYS Model for Calculating Equivalent Thermal Conductivity 

Table 3.1-12.  Peak Fuel and Vessel Temperatures During HPCC and LPCC Events 

Peak Fuel 
Temperature

( C) 

Peak Vessel 
Temperature

( C) 
Case 

Thermal
Power MW 

Fuel Block 
Graphite
Thermal

Conductivity 
HPCC LPCC HPCC LPCC 

1 600 Unirradiated * 1595 * 582 

2 550 Unirradiated 1416 1504 543 559 

3 500 Unirradiated 1336 1415 521 536 

4 550 Irradiated 1489 1602 539 561 

5 500 Irradiated 1407 1516 515 537 

6 550 Annealed * 1570 * 564 

7 500 Annealed 1398 1487 519 537 

*Calculations not performed.     
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Figure 3.1-42.  Temperature History and Distribution (60 h) for Case 1, LPCC 
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Figure 3.1-43.  Temperature History and Distribution (50 h) for Case 2, HPCC 
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Figure 3.1-44.  Temperature History and Distribution (60 h) for Case 2, LPCC  
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Figure 3.1-45.  Temperature History and Distribution (50 h) for Case 3, HPCC 
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Figure 3.1-46.  Temperature History and Distribution (60 h) for Case 3, LPCC 
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Figure 3.1-47.  Temperature History and Distribution (50 h) for Case 4, HPCC  



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

 3-53 

Figure 3.1-48.  Temperature History and Distribution (60 h) for Case 4, LPCC 
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Figure 3.1-49.  Temperature History and Distribution (50 h) for Case 5, HPCC  
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Figure 3.1-50.  Temperature History and Distribution (50 h) for Case 5, LPCC  
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Figure 3.1-51.  Temperature History and Distribution (50 h) for Case 6, LPCC 
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Figure 3.1-52.  Temperature History and Distribution (50 h) for Case 7, HPCC  



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

 3-58 

Figure 3.1-53.  Temperature History and Distribution (50 h) for Case 7, LPCC  
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As discussed above, active vessel cooling during normal operation is one design option allowing 
use of SA533 (SA508) steel and operation at 600 MWt, provided initial vessel temperature at 
the start of the transient is kept sufficiently low.  Other options include additional core-design 
optimization that would allow for coolant inlet temperatures below 490°C and optimization/ 
enhancement of RCCS cooling.  For the latter option, scoping calculations have been 
performed.  Figure 3.1-54 shows the RCCS heat removal rates during the LPPC event for 
operation at 500 MWt and 600 MWt, and the corresponding decay heat generation rates for 
these power levels. With the carbon insulation, the parasitic heat loss to the RCCS during 
normal operation is only approximately 1.3 MW.  As the vessel temperature increases during 
the transient, the RCCS heat removal rate increases to about 2.5 MW because of the increased 
thermal radiation rate from the vessel.  The RCCS heat removal rate could be increased during 
both normal operation and transient if the flow rate could be increased or the local heat-transfer 
coefficients within the RCCS could be increased.  Increasing the RCCS stack height will 
increase the natural convection flow rate.  However, as shown in Figure 3.1-55, there is only a 
slight reduction in peak vessel temperature (~6 C) for RCCS stack heights over the range 10 to 
40 m.  RCCS design optimization should be assessed in more detail during the next design 
phase.

Figure 3.1-54.  RCCS Heat Removal Rate During LPCC Events 
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Figure 3.1-55.  Effect of RCCS Stack Height on Peak Vessel Temperature for Case 3, LPCC 

Conclusions and Recommendations

1. Routing the inlet flow through the PSR appears to be a feasible concept that can 
significantly reduce vessel temperatures.  Some additional trade studies should be 
performed to evaluate benefits/drawbacks of the OKBM design that uses both PSR and 
central reflector coolant risers. 

2. Design modifications to reduce bypass flow include sealing sleeves in the PSR risers, lateral 
restraints, and sealing keys below the core.  Independent analyses by FES and OKBM 
indicate that bypass flow can be reduced to about 10%.  The reactor internals design should 
be developed in more detail and include these modifications. 

3. The block-core design provides great flexibility to optimize power distributions using fuel 
shuffling schemes.  Scoping studies show fuel shuffling can significantly reduce power 
peaking factors and flatten flow distributions.  More detailed assessments of fuel shuffling 
should be performed, including coupled physics/thermal analyses and assessing the impact 
of control-rod movement. 

4. An additional 30°C to 40°C margin for peak fuel temperatures can be obtained using a 
modified, 12-row block design, which could allow for further reduction in the coolant inlet 
temperature.  More detailed assessments of this concept include manufacturability, 
structural/stress analyses, and impacts on fuel costs. 

5. Direct vessel cooling using a 140°C slipstream flow of helium can reduce vessel 
temperatures to levels acceptable for use of SA-533/SA-508 steel for the RPV.  More 
detailed accident analyses are needed to further evaluate this concept, and the impacts on 
passive safety and investment risk should be evaluated in detail.   
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6. Additional optimization studies should be performed to determine if the NGNP reactor 
system can be designed to use SA-533/SA-508 steel for the RPV without requiring direct 
vessel cooling.  Preliminary results show coolant inlet temperatures of 490 C or lower would 
be required and enhanced RCCS heat removal would also be required for operation with 
reactor power levels above about 500 MWt. 

3.1.3 Neutron Control System 

The neutron control system design is the same as that for the GT-MHR.  The system 
components consist of inner and outer neutron control assemblies, neutron source, source-
range detector assemblies, ex-vessel neutron detector assemblies, and the in-core flux mapping 
system.  The locations of neutron control assemblies and RSC channels are shown in Figure 
3.1-7.

Figure 3.1-56 shows the design of an outer neutron control assembly and Figure 3.1-57 shows 
installation of the neutron control assemblies in the top head of the reactor vessel.  The 
structural equipment consists of an upper structural frame, gamma shielding, neutron shielding, 
thermal barrier, upper and lower guide tubes, and seals.  The gamma shielding is a corrosion-
resistant plug that protects maintenance crew against gamma radiation from the core and 
activated control rods.  The neutron shielding consists of boronated graphite elements that 
prevent activation of the upper portion of the vessel.  The control rod guide tubes extend from 
the gamma shielding downward through the top head of the reactor vessel and upper plenum 
shroud to the upper core restraint elements.  The guide tubes provide a clear passage for the 
control rods as they are inserted into and withdrawn from the core. 

All neutron control assemblies are equipped with two independent control rod drive units.  The 
control rod drive equipment is located in the upper part of the neutron control assembly.  The 
equipment consists of a DC torque motor, a 60:1 speed reducer, and a cable storage drum, all 
of which are mounted on a metal frame.  The control rod is lowered and raised with a flexible 
high-nickel alloy cable. 

Figure 3.1-58 shows the control rod design.  The neutron absorber material consists of B4C
granules uniformly dispersed in a graphite matrix and formed into annular compacts.  The boron 
is enriched to 90 weight percent B-10 and the compacts contain 40 weight percent B4C.  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, carbon-fiber reinforced carbon 
(C-C) composite canisters may be used for structural support.  The control rod consists of a 
string of 18 canisters with sufficient mechanical flexibility to accommodate any postulated offset 
between elements, even during a seismic event. 
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Figure 3.1-56.  Outer Neutron Control Assembly Design 
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Figure 3.1-57.  Neutron Control Assembly Installation 
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Figure 3.1-58.  Control Rod Design 

The reserve shutdown control material is of the same composition as that for the control rods, 
except the B4C granules and graphite matrix are formed into cylindrical pellets with rounded 
ends and a diameter of 14 mm.  The B4C granules are coated with dense PyC to prevent 
oxidation during off-normal events.  The pellets are stored in hoppers located above the reactor 
core in both the both the inner and outer neutron control assemblies. 

During normal operation, the neutron flux levels are monitored by 6 symmetrically-spaced ex-
vessel fission chamber thermal neutron detectors.  The signals from these detectors interface 
with the automatic control and protection systems to operate the control rod drives or the 
reserve shutdown control equipment.  Three fission chamber source-range detectors are used 
to monitor neutron flux during startup and shutdown.  These detectors are symmetrically spaced 
in reentrant penetrations located in the bottom head of the reactor vessel.  These penetrations 
extend into vertical channels in the reflector elements near the bottom of the core.  The in-core 
flux mapping system consists of movable detectors in the central column of the inner reflector 
and in the outer permanent reflectors.  The system enters from a housing located above the 
reactor vessel and vertically traverses down through the core to the bottom reflectors.  The 
system contains two independent fission chambers and a single thermocouple. 

3.1.4 Fuel Performance and Radionuclide Control 

For modular gas-cooled reactor designs, a hallmark philosophy has been adopted since the 
early 1980s to design the plant such that radionuclides would be retained in the core during 
normal operation and postulated accidents.  The key to achieving this safety goal is the reliance 
upon ceramic-coated fuel particles for primary fission product containment at their source, along 
with passive cooling to assure that the integrity of the coated particles is maintained even if the 
normal active cooling systems were permanently disrupted.  This design philosophy has been 
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carried forward for all subsequent MHR designs, including the NGNP.  Fuel performance and 
radionuclide control in gas-cooled reactors is discussed in detail in numerous publications, 
including [IAEA 1997], [Hanson 2002], and [Hanson 2004a]. 

As is discussed in detail in Section 5.1.1.1, the radionuclide containment system for the NGNP, 
which reflects a defense-in-depth philosophy, is comprised of multiple barriers to limit 
radionuclide release from the core to the environment to insignificant levels during normal 
operation and postulated accidents.  The five principal release barriers are: (1) the fuel kernel; 
(2) the particle coatings (particularly the SiC coating); (3) the fuel element structural graphite; (4) 
the primary coolant pressure boundary; and (5) the Reactor Building/containment structure.  
The most important of these barriers to fission product release from the core is the silicon 
carbide and pyrocarbon coatings of each fuel particle.  Both the SiC and PyC coatings provide a 
barrier to the release of fission gases.  The SiC coating acts as the primary barrier to the 
release of metallic fission products because of the low solubilities and diffusion coefficients of 
fission metals in SiC; the PyC coatings are partially retentive of Cs at lower temperatures but 
provide little holdup of Ag and Sr.  The following sections discuss the fuel with respect to its 
behavior under irradiation and during core heatup events. 

3.1.4.1 Fuel Failure Mechanisms.

A number of failure mechanisms have been observed during irradiation testing and post-
irradiation heating of coated-particle fuels, including pressure-vessel failure, kernel migration, 
and corrosion of the SiC layer by fission products.  These failure mechanisms are illustrated in 
Figure 3.1-59 and may be categorized as structural/mechanical or thermochemical in nature.  
Failure mechanisms in both categories can be affected by the release of excess oxygen during 
fission and subsequent formation of carbon monoxide.  [IAEA 1997] provides an excellent 
overview of these mechanisms and an extensive bibliography. 

Carbon Monoxide Formation.  For a substoichiometric metal oxide kernel (MO2-x) or an 
oxycarbide (MCxO2-x), a mass balance for the excess oxygen generated as a function of burnup 
is given by 

 NO / NM = [2 – NB] [FIMA – x/2] – (NB) (x/2)  , 

where NO = number of excess oxygen atoms, NM = number of initial heavy metal atoms, and NB

= number of oxygen atoms bound per fission.10  The burnup FIMACO at which CO formation 
begins is given by: 

 FIMACO = x/(2 – NB)

10 Oxygen atoms are released during the fission process.  The parameter NB is the number of 
oxygen atoms per fission that are bound as stable oxides.  These bound oxygen atoms are not 
available to react with carbon in the buffer layer to form CO. 
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Figure 3.1-59.  TRISO Particle Failure Mechanism 

For uranium fuels at moderate burnups, a reasonable lower bound for NB is approximately 1.5.  
For x in the range 0.2 to 0.5, the quantity FIMACO = 0.4 to 1.0 (40% to 100%), which virtually 
precludes CO formation during irradiation of NGNP fuel. 

Structural/Mechanical Mechanisms.  During irradiation, long-lived and stable fission gases 
are released from the kernel into the buffer, which increases the internal gas pressure.  For 
some particle designs, carbon monoxide can also be generated during irradiation, which further 
increases the gas pressure.  Because the SiC layer has a much higher elastic modulus than the 
pyrocarbon layers,11 it bears most of the internal pressure force, which produces a tensile 
stress.  However, the pyrocarbon layers undergo shrinkage during irradiation, which produces 
compressive forces in the SiC layer.  As shown in Figure 3.1-60, the compressive forces from 
pyrocarbon shrinkage more than compensate for the tensile stresses from internal pressure, 
such that the SiC remains in compression provided at least one of the pyrocarbon layers 
remains intact.  From a structural / mechanical perspective, the SiC layer will remain intact 
provided (a) it remains in compression or (b) the tensile stress in the SiC layer does not exceed 
its strength. 

11 In other words, SiC is much stiffer than pyrocarbon.  Because of this property, it is reasonable 
to assume the IPyC and OPyC are isolated from each other when evaluating performance of 
these layers and overall performance of the TRISO coating system.
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Figure 3.1-60.  Calculated Tangential Stresses at the Middle of the SiC Layer 

As discussed above, shrinkage of the pyrocarbon layers during irradiation is a favorable attri-
bute, in terms of the compressive forces applied to the SiC layer.  However, pyrocarbon shrink-
age produces tensile stresses in the pyrocarbon layers themselves, which can lead to failure of 
these layers. The strains and stresses generated in the pyrocarbon layers are complex func-
tions of fast neutron fluence, irradiation temperature, and coating material properties.  A 
property that greatly affects pyrocarbon performance is anisotropy, which can be quantified 
using X-ray or optical diffraction techniques.  Anisotropy is usually expressed in terms of the 
Bacon Anisotropy Factor (BAF).  For a perfectly isotropic material, BAF = 1, and for a perfectly 
oriented medium, BAF = .  Figure 3.1-61 shows irradiation-induced strains of pyrocarbon in the 
tangential direction for BAF values ranging from 1.02 to 1.05.  Pyrocarbon layers are able to 
perform well out to high fast neutron fluences because the irradiation-induced strains and 
stresses are relaxed to some extent by irradiation-induced creep.  Unfortunately, the measured 
data for pyrocarbon creep coefficients is widely scattered.  Figure 3.1-62 shows calculations of 
OPyC performance for a range of creep coefficients (denoted by KS) that are well within the 
measured data base.  At an irradiation temperature of 1200°C and a fast neutron fluence of 8 
1025 n/m2, the predicted OPyC failure fraction can range from 1.0 (KS = 1.0) to < 2  10-3 (KS = 
2.5). Also shown on Figure 3.1-62 is the model taken from the General Atomics Fuel Design 
Data Manual (FDDM) [Myers 1987].  Although the FDDM model is very simplistic, it is 
representative of the data base for pyrocarbons that perform well under irradiation. 
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Figure 3.1-61.  Irradiation-Induced Strain in Pyrocarbon as a Function of BAF 

Figure 3.1-62.  OPyC Performance Predictions (creep coefficients from 1.0 to 2.5) 
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In the absence of compressive forces from the pyrocarbon layers, the tensile stress SiC in the 
SiC layer may be calculated with reasonable accuracy using the thin-shell approximation: 

,
t2

rP

SiC

SiC

SiC

where P  internal pressure inside the particle, rSiC  radius to the middle of the SiC layer, and 
tSiC  thickness of the SiC layer.  Pressure vessel failure occurs when SiC exceeds the strength 
of the SiC layer.  The SiC layer failure fraction (fSiC) is calculated using a Weibull distribution for 
the strength of the SiC layer.  Assuming volume flaws and a uniform stress distribution in the 
SiC layer, the quantity failure probability fSiC is determined from: 

,Vexp1f SiC

m

o

SiC

SiC

where o  Weibull characteristic strength, m  Weibull modulus, and VSiC  volume of the SiC 
layer.  The parameters o and m are derived from experimental data.  For the NGNP particle 
designs, the internal pressure results almost entirely from the release of stable fission gases, 
because the carbide phase of the kernel getters excess oxygen and precludes formation of CO 
(see discussion above).  For these particle designs, pressure vessel failure occurs only in the 
small fraction of particles with defective (missing or undersized) buffer layers that do not provide 
sufficient void space for gas accumulation. 

Thermochemical Mechanisms.  Under conditions of high temperature and high thermal 
gradient, oxide and carbide fuel kernels can migrate up the thermal gradient.  This phenomenon 
is often referred to as the “amoeba effect” and can lead to complete failure of the coating 
system.  For carbide kernels, migration is caused by solid-state diffusion of carbon to the cooler 
side of the kernel.  For oxide kernels, migration may be caused by carbon diffusion or gas-
phase diffusion of CO or other gaseous carbon compounds.  As discussed above, CO 
generation should be negligible for NGNP fuel, and kernel migration should be a negligible 
contributor to fuel failure. 

Noble metals (e.g., Ru, Rh, Pd, and Ag) are produced with relatively high yield during fission of 
uranium and plutonium fuels.  During irradiation, the thermochemical conditions are not 
conducive for these elements to form stable oxides, and they can readily migrate out of the fuel 
kernel, regardless of its composition.  Reactions of SiC with Pd have been observed during 
post-irradiation examinations of TRISO fuel.  Although the quantity of Pd is small compared with 
the mass of the SiC layer, the reaction is highly localized, and complete penetration of the SiC 
layer can occur if high temperatures are maintained for long periods of time (Figure 3.1-63).  As 
discussed in Section 3.1.4.3, corrosion of the SiC layer by fission products is a key factor for 
determining limitations on fuel temperatures. 

At very high temperatures (above about 1800°C for extended periods of time), SiC will 
decompose into its constituent elements.  The silicon vaporizes, leaving a porous carbon 
structure.  For the NGNP, this failure mechanism should be a negligible contributor to fuel failure 
during normal operation and accident conditions. 
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Figure 3.1-63.  Localized Fission-Product Attack of the SiC Layer 

Diffusive Release Through Intact Coatings.  Based on previous irradiation testing and post-
irradiation heating, SiC is not very retentive of Ag (and possibly other noble metals) at high 
temperatures.  The Ag-110m transports through the primary cooling circuit and deposits on the 
cooler wetted surfaces, which could impact operations and maintenance activities.  The plateout 
activity is also a potential source of radioactivity release during hypothetical accidents involving 
a rapid loss of coolant, when the shear forces during depressurization are sufficiently high to 
remove some of the deposited activity.  Figure 3.1-64 shows the breakthrough time as a 
function of temperature for Ag diffusing through a 35-µm SiC layer.  For temperatures above 
1000°C, the breakthrough time is less than 100 days, which is well below the fuel residence 
time of 850 days.  As discussed in Section 3.1.4, limiting the release of Ag to acceptable levels 
is largely accomplished through optimization of the nuclear and thermal hydraulic design of the 
reactor core. 

3.1.4.2 Performance Capability of High-Quality TRISO Fuel 

The Germans have manufactured high-quality, TRISO-coated fuels that have performed 
exceptionally well during irradiation and accident-condition testing.  Table 3.1-13 provides a 
summary of performance data for high-quality German fuels with 10%-enriched UO2 kernels and 
20%-enriched UCO kernels.  Figure 3.1-65 shows the irradiation temperatures and fuel burnups 
achieved during individual tests of German fuel. The symbol labels in Figure 3.1-65 identify the 
individual irradiation tests.  In all cases, the fuel-failure fraction at the end of irradiation was < 10-

5.  The Japanese have achieved a similar level of success with their low-enriched UO2 fuel.  The 
U.S. is developing UCO coated-particle fuel with similar requirements for as-manufactured 
quality and performance during normal operation and accident conditions [AGR Plan 2005]. 
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Figure 3.1-64.  Breakthrough Time for Ag Diffusing Through a 35-µm SiC Layer 
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Table 3.1-13.  Summary of Performance Data for High-Quality German TRISO Fuel 

Parameter UO2 Kernels
(a)

 UCO Kernels
(b)

Fraction of particles with as-
manufactured defective coating systems 

5  10
-5

 – 1  10
-4 < 10

-4

Fuel burnup (% FIMA) 7 – 15 18.6 – 22.2 

Fast neutron fluence (10
25

/m
2
)
(c)

 4 – 8 1.8 – 3.2 

Fuel irradiation temperature ( C)
(d) 700 – 1320 900 – 1350 

Fractional release of Kr-85m at end of 
irradiation ~10

-7
 at 1100 C

~2  10
-7

 at 
1100 C

Fractional release of Cs-137 at end of 
irradiation 

10
-6

 – 10
-4

 Not measured 

Fraction of coating systems that failed 
during accident-condition testing 

• < 10
-5

when heated at 1600°C for 
up to 500 h. 

• 10
-4

 – 10
-3

 when heated at 
1800°C for > 20 h. 

Not measured 

Fractional release of Cs-137 during 
accident-condition testing 

• 2  10
-5

 – 8  10
-4

 when heated at 
1600°C for 500 h. 

• 10
-6

 – 5  10
-5

 during loss-of-
coolant simulation test with peak 

temperature of 1620°C. 

• 4  10
-4

 – 6  10
-2

 when heated at 
1800°C for 20 to 200 h. 

Not measured 

Fractional release of Ag-110m during 
accident-condition testing 

• 9  10
-4

 – 3  10
-2

 when heated at 
1600°C for 500 h. 

• 8  10
-4

 – 8  10
-2

 during loss-of-
coolant simulation test with peak 

temperature of 1620°C. 

• 8  10
-2

 – 0.81 when heated at 
1800°C for 20 to 200 h. 

Not measured 

(a)
Performance data were taken from [IAEA 1997] and are from a series of irradiation and heating tests. 

(b)
Performance data were taken from [Borchardt 1982] and are from a single irradiation test. 

(c)
Neutron energies greater than 0.1 MeV. 

(d)
In general, temperatures varied significantly with irradiation time and with location of the fuel within the 

irradiation-test capsule. 
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Figure 3.1-65.  Irradiation Conditions During Testing of High-Quality German Fuel. 

Two advanced coated particle designs are being considered to provide additional performance 
margins at higher temperatures.  These particle designs incorporate ZrC either as a 
replacement for the SiC layer or as an oxygen getter within the particle.  These particle designs 
are discussed in more detail in [Richards 2006a] and have been included as part of the 
Advanced Gas Reactor development plan for advanced fuels [Hanson 2004b]. 

3.1.4.3 Radionuclide Transport Mechanisms 

Radionuclide transport is modeled in the fuel kernel, the particle coatings, fuel-compact matrix, 
fuel-element graphite, primary coolant circuit, and Reactor Building.  [IAEA 1997] provides an 
excellent overview and an extensive bibliography of radionuclide transport mechanisms.  The 
transport of radionuclides from the location of their birth through the various material regions of 
the core to their release into the helium coolant is a relatively complicated process.  The 
principal steps and pathways are shown schematically in Figure 3.1-66.  Also for certain classes 
of radionuclides, some steps are eliminated (e.g., noble gases are not diffusively released from 
intact TRISO particles and are not significantly retarded by the compact matrix or fuel-element 
graphite).

While the actual radionuclide transport phenomena in the core can be very complex, the basic 
approach for modeling these phenomena is to treat radionuclide transport as a solid-state 
diffusion problem with various modifications and/or additions to account for the effects of 
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irradiation and heterogeneities in the core materials.  The point of departure is typically Fick’s 
second law of diffusion. 

Figure 3.1-66.  Principal Steps in Radionuclide Release from the GT-MHR Core 

Under normal operating conditions, the fission gases, including iodines, are quantitatively 
retained by the coatings of an intact TRISO particle. The release of fission gases from HM 
contamination and failed fuel with exposed fuel kernels is expressed in terms of the release 
rate-to-birth rate ratio (R/B); at steady-state, R/B is numerically equal to the fractional release.  
Semi-empirical correlations for R/B have been derived from experimental data and are typically 
expressed as: 

R B
ji

3 j i f T f Bu    , 

where j = reduced diffusion coefficient for chemical species j, i = decay constant for isotope i, 
f(T) = empirical function of temperature, and f(Bu) = empirical function of burnup.  The square-
root dependence of R/B on isotope half-life results from the analytical solution to the diffusion 
equation and has been confirmed by measurements of fission-gas release during irradiation 
testing of fuels and operation of earlier generation gas-cooled reactors, including Peach Bottom 
and Ft. St. Vrain.  For Kr-85m (half-life = 4.48 h), experimental data show the R/B for an 
exposed kernel to be in the range 0.005 to 0.01 at 1100°C. 

The transport of the volatile fission metals, including Ag, Cs, Sr, and Eu, in the PyC and SiC 
coatings is modeled as a transient Fickian diffusion process.  At sustained temperatures above 
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approximately 1600oC, the SiC coating begins to degrade as a result of fission-product attack.  
Under these conditions, the fractional release of the Cs isotopes is taken as a measure of the 
rate of SiC degradation.  Figure 3.1-67 which shows data obtained during postirradiation heating 
at 1700oC of Japanese low-enriched UO2 fuel from capsule HRB-22.  The release profiles 
indicate Ag is diffusively released from intact TRISO, Kr is retained by PyC coatings, and Cs is 
slowly released as the SiC degrades. 

Figure 3.1-67.  Postirradiation Heating of Japanese LEU UO2 Fuel 

The transport of volatile fission metals in fuel-compact matrix and graphite is also modeled as 
transient diffusion processes.  It is assumed that sorption equilibrium prevails in the gap 
between the fuel compact and the fuel hole surface of the fuel block.  At the coolant boundary, 
the mass flux from the surface into the flowing coolant is given by the product of a convective 
mass transfer coefficient and the concentration gradient between the equilibrium desorption 
pressure and the mixed-mean concentration in the coolant.  Diffusion coefficients and sorption 
isotherms have been determined experimentally for a number of nuclear graphites and matrix 
materials [IAEA 1997]. 

The transport and deposition of condensable radionuclides from the flowing helium coolant to 
fixed surfaces in the primary coolant circuit is essentially a convective mass transfer problem.  
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Usually, deposition is conceived as a two-step process:  (1) gaseous diffusion to the wall and (2) 
a wall effect, typically an adsorption process.  The latter step is necessary because numerous 
experiments have shown that, under certain circumstances, graphitic and metallic surfaces have 
a limited capacity to sorb certain radioactive species.  The sorptivity of metals for volatile fission 
products is typically a function of surface oxidation state and temperature.  The wall effect may 
be simply an adsorption process whereby the active sites are confined to the surface.  
Alternatively, there are some data suggesting that certain radionuclides, principally Ag isotopes, 
may penetrate into the bulk of metallic components. 

The condensable radionuclides that are plated out in the primary circuit may be partially 
reentrained and released to the Reactor Building during rapid depressurization transients.  A 
potentially significant removal mechanism, especially during rapid depressurizations, is 
mechanical reentrainment of deposited particulate matter contaminated by plateout and/or 
spallation of friable surface films; this mechanical reentrainment is traditionally referred to as 
“liftoff”.  Empirical liftoff models have been developed by correlating the fractional reentrainment 
of plated out fission products measured in blowdown tests with the shear ratio (the ratio of the 
wall shear during a depressurization transient to that during normal operation). 

The VLPC of the NGNP is expected to be a significant barrier to the release of condensable 
radionuclides to the environment during accident conditions.  Consequently, the natural removal 
mechanisms, including condensation, gravitational settling, and turbulent deposition are 
modeled.

3.1.4.4 Fuel Quality and Performance Requirements 

For previous gas-cooled reactor designs, the requirements for as-manufactured quality and in-
service performance of coated-particle fuel have been based on a two-tier set of radionuclide 
design criteria (allowable core release rates), referred to as the “Design” and “Maximum 
Expected” criteria.  This approach has also been adopted for the NGNP fuel.  The “Design” 
criteria represent upper limits for all normal operating conditions and any off-normal events that 
are expected to occur during operation of the plant.12  These criteria are used when assessing 
the impact of plant operation on public safety, to size helium purification and radioactive waste 
systems, and to design plant hardware and shielding.  The “Design Criteria” account for 
uncertainties in the design methods and supporting data, and represent a design margin over 
the “Maximum Expected” criteria, which are used for applications where “best-estimate” results 
are appropriate, including developing component removal and maintenance procedures.  The 
fuel and reactor core are to be designed such that there is at least a 50% probability that the 
radionuclide releases will be less than the “Maximum Expected” criteria, and at least a 95% 
probability that the releases will be less than the “Design” criteria.  The logic for deriving these 
fuel requirements is illustrated in Figure 3.1-68.  Top-level requirements for the NGNP are 
defined by both the regulators and the users.  Lower-level requirements are then systematically 
derived using a systems-engineering approach.  With this approach, the radionuclide control 
requirements for each of the release barriers can be defined.  For example, starting with the 
allowable doses at the site boundary, limits on radionuclide releases from the VLPC, reactor 
vessel, and reactor core are successively derived.  Fuel failure criteria are in turn derived from 
the allowable core release limits.  Finally, the required as-manufactured fuel attributes are 
derived from the in-reactor fuel-failure criteria, with consideration of achievable values based on 

12 These types of off-normal events are often referred to as Anticipated Operational 
Occurrences (AOOs).
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existing fuel manufacturing experience, thereby providing a logical basis for the fuel quality 
specifications. 

Figure 3.1-68.  Logic for Derivation of Fuel Quality Requirements 

As discussed in Section 3.1.2.2, optimization of the NGNP core nuclear and thermal hydraulic 
design should result in fuel service conditions that are not significantly different from those for 
the GT-MHR.  As a result, the fuel quality and performance requirements for the NGNP are 
expected to be the same as for the GT-MHR.  The service conditions, as-manufactured quality 
requirements, and in-service performance requirements for the NGNP fuel are given in Tables 
3.1-14 through 3.1-16.  The requirements for in-service performance are specified on a core-
average basis.  The maximum allowable release fractions for 30.2-yr Cs-137 and 249.8-d Ag-
110m are included in Table 3.1-16 because these nuclides are expected to be the strongest 
contributors to worker dose, based on previous assessments of radionuclide plateout 
distributions and plant-maintenance requirements. 
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Table 3.1-14.  Service Conditions for Fissile and Fertile Fuel 

 Fissile Fuel Fertile Fuel 

Parameter Peak Core Average Peak Core Average

Fuel temperature (normal operation), C 1250 [850]
 (a)

 1250 [850] 

Fuel temperature (accident conditions), C 1600 — 1600 — 

Fuel burnup, % FIMA 26 [15] 7 [4] 

Fast fluence, 10
25

 n/m
2
 (E > 0.18 MeV) 5 [3] 5 [3] 

Core residence time, EFPD 850 850 850 850 
(a)

Quantities in brackets indicate preliminary values. 

Table 3.1-15.  As-Manufactured Quality Requirements for Fissile and Fertile Fuel 

 Fissile Fuel Fertile Fuel 

Parameter 
Maximum
Expected Design

Maximum 
Expected Design

Missing or defective buffer 1.0  10
-5

 2.0  10
-5

 [1.0  10
-5

]
(a)

 [2.0  10
-5

]

Defective SiC 5.0  10
-5

 1.0  10
-4

 [5.0  10
-5

] [1.0  10
-4

]

HM contamination 1.0  10
-5

 2.0  10
-5

 [1.0  10
-5

] [5.0  10
-5

]

HM contamination outside intact SiC 6.0  10
-5

 1.2  10
-4

 [6.0  10
-5

] [1.2  10
-4

]
(a)

Quantities in brackets indicate preliminary values.  

Table 3.1-16.  In-Service Performance Requirements for Fissile and Fertile Fuel 

 Fissile Fuel Fertile Fuel 

Parameter 
Maximum 
Expected Design

Maximum 
Expected Design

Allowable fuel failure fraction (normal 
operation) 

5.0  10
-5

 2.0  10
-4

 [5.0  10
-5

]
(a)

 [2.0  10
-4

]

Allowable fuel failure fraction (accident 
conditions)

[1.5  10
-4

] [6.0  10
-4

] [1.5  10
-4

] [6.0  10
-4

]

Allowable Cs-137 release fraction (normal 
operation) 

1.0  10
-5

 1.0  10
-4

 [1.0  10
-5

] [1.0  10
-4

]

Allowable Cs-137 release fraction (accident 
conditions)

1.0  10
-4

 [1.0  10
-3

] [1.0  10
-4

] [1.0  10
-3

]

Allowable Ag-110m release fraction (normal 
operation) 

2.0  10
-4

 2.0  10
-3

 [2.0  10
-4

] [2.0  10
-3

]

Allowable Ag-110m release fraction 
(accident conditions) 

[2.0  10
-3

] [2.0  10
-2

] [2.0  10
-3

] [2.0  10
-2

]

(a)
Quantities in brackets indicate preliminary values.  
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3.2 Vessel System  

3.2.1 Selection of Vessel Materials  

The reference GT-MHR design selected 9Cr-1Mo-V steel for the reactor vessel.  Although this 
material was developed for Liquid Metal Fast Breeder Reactor applications, its American 
Society of Mechanical Engineers (ASME) code qualification had not been completed.  GA 
material specialists have recommended against using 9Cr-1Mo-V steel for the NGNP, primarily 
due to expected welding difficulties and lack of manufacturing and operating experience.  
Although the primary coolant temperature for the NGNP is higher than that for the GT-MHR, the 
alternative studies discussed in Section 3.1.2.2 indicate the reactor vessel temperatures can be 
maintained within limits that allow selection of a vessel material having temperature limits lower 
than 9Cr-1Mo-V steel. 

3.2.2 Reactor Vessel  

As shown in Figure 3.2-1, the reactor vessel is composed of a main cylindrical section with 
hemispherical upper and lower heads.  In the initial design, the upper head is bolted to the 
cylindrical section.  An alternative to bolting the upper head to the vessel is to use a weld joint 
since the head is not intended to be removed during the lifetime of the reactor.  The upper head 
includes penetration housings for the neutron control assemblies and the in-vessel flux 
monitoring unit.  These housings are sealed with a blind flange.  The lower head is welded to 
the cylindrical section and includes penetrations for the SCS, in-service inspection access, and 
source-range neutron detectors.  The upper portion of the lower head incorporates a ring forging 
that provides support to the core through the core support structure.  The cylindrical section 
includes a nozzle forging for attachment of the cross vessel, reactor vessel support lugs, and 
lateral restraint keys.  Lateral seismic restraint is provided to the core by lugs welded to the 
interior surface of the vessel, near the top of the cylindrical section. 

Figure 3.2-1.  Reactor Vessel (dimensions are in inches) 
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The material selected for the reactor vessel for the NGNP preconceptual design is 2¼Cr-1Mo 
steel.  As discussed in Section 3.1.2.2, a design alternative to incorporate cooling of the reactor 
vessel is being considered, which could potentially lower reactor vessel temperatures to a level 
that would allow use of proven light water reactor vessel materials (e.g., SA508/SA533 steel).  
The reactor vessel design parameters are given in Table 3.2-1. 

Table 3.2-1.  Reactor Vessel Design 

Height (m) 31.0 

Inner Diameter (m) 7.2 

Outer Diameter (at flange) (m) 8.2 

Wall Thicknesses:  

     Top Head (m) 0.203 

     Shell (m) 0.216 

     Thickened Ring (m) 0.261 

     Bottom Head (m) 0.165 

Upper Head Weight (MT) 490 

Vessel Assembly Weight (MT) 838 

Vessel Material 2¼Cr-1Mo 

ASME Callouts 
SA-387 Grade 91 Class 2 Plates 

SA-336 Grade F91 Forgings 

The manufacturer of LWR vessels makes considerable use of SA508 forgings.  GA has had 
discussions with two reactor vessel manufactures concerning NGNP vessel fabrication, 
specifically Japan Steel Works (JSW) and DOOSAN Heavy Industries and Construction 
(DOOSAN).  The current maximum cylindrical forging size is limited to 8.2 m diameter.  As an 
alternative approach to forgings, GA material experts suggest manufacturing the reactor vessel 
from rolled plate, or a combination of rolled plant and forgings.  Manufacturing schemes for both 
the forgings (seam plan) and rolled plate designs for the reactor vessel as provided by 
DOOSAN are shown in Figures 3.2-2 and 3.2-3, respectively. 

3.2.3 Cross Vessel and Hot Duct Assembly 

The GT-MHR design utilizes a single cross vessel connecting the reactor vessel to the PCS 
vessel.  As shown in Figure 3.2-4, the hot duct is concentrically located within the cross vessel.  
The hot duct provides the hot-leg primary coolant flow path from the reactor vessel to the PCS 
vessel.  The annular space between the hot duct assembly and cross vessel provides the cold-
leg primary coolant flow path from the PCS vessel to the reactor vessel.  The hot duct assembly 
includes a ceramic fiber insulation layer to minimize heat transfer between the hot-leg and cold-
leg flow paths.  A similar insulation layer may also be included on the inside diameter of the 
cross vessel. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

 3-81 

Figure 3.2-2.  Reactor Vessel Forging (Seam Plan) Manufacturing Method 

Figure 3.2-3.  Reactor Vessel Rolled Plate Manufacturing Method 
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Figure 3.2-4.  Reactor - PCS Hot Duct Assembly 

The NGNP hot duct material will be a high-temperature alloy (e.g., Incoloy 800H, Hastelloy-XR, 
or Inconel 617).  The cross vessel is a cylindrical vessel designed and fabricated according to 
Section III of the ASME Code.  It has an inner diameter of 2.29 m, a wall thickness of 7.62 cm, 
and is approximately 2.86 m in length.  The material selected for this cross vessel for the NGNP 
preconceptual design is 2¼Cr-1Mo steel.  As discussed in Section 3.1.2.2, a design alternative 
to incorporate cooling of the reactor vessel is being considered, which could potentially lower 
reactor vessel temperatures to a level that would allow use of proven light water reactor vessel 
materials (e.g., SA508/SA533 steel).  If this alternative is selected, the cross vessel would also 
likely be manufactured using the same material. 
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Another design modification of the GT-MHR design is the addition of a second cross vessel 
connecting the reactor vessel to the IHX as shown in Figure 2.1-1.  This cross vessel also 
contains a concentrically located hot duct to provide the hot-leg primary coolant flow path from 
the reactor vessel to the IHX vessel.  There is also an annular space between the hot duct 
assembly and cross vessel to provide cold-leg primary coolant flow path from the IHX vessel 
back to the reactor vessel.  The hot duct assembly also includes a ceramic fiber insulation layer 
to minimize heat transfer between the hot-leg and cold-leg flow paths. 

The IHX cross vessel and its hot duct is constructed of the same material as that of 
corresponding PCS cross vessel and hot duct.  As shown in Figure 4.1-3 in Section 4, the IHX 
cross vessel does not have a constant diameter.  The reactor vessel nozzle side is sized to 
accommodate a full-size (600 MWt) IHX.  A reducer is provided at the IHX nozzle side to 
accommodate the 65 MWt printed-circuit type heat exchanger that is planned for initial 
installation in the NGNP. 

3.2.4 Power Conversion System Vessel 

As shown in Figure 3.6-1, the PCS is housed in the PCS vessel, which consists of a cylindrical 
shell with a hemispherical lower head that is welded to the shell and an upper cylindrical closure 
head that is bolted to the lower vessel shell.  The lower cylindrical shell contains the 
penetrations for the cooling water inlet and outlet of the intercooler modules and the lower 
hemispherical head contains the penetrations for the cooling water inlet and outlet of the 
precooler.  The upper closure head contains the turbomachine penetration. 

The material selected for the PCS vessel for the NGNP preconceptual design is SA508/SA533 
steel.  However, if further evaluation concludes that higher temperature material is necessary, 
then 2¼Cr - 1Mo would be used for the PCS vessel as well as the reactor vessel.  The PCS 
vessel has an inner diameter of 7.5 m, a wall thickness of 152 mm, and is approximately 35.2 m 
in height.  Details of the PCS vessel are given on Table 3.2-2. 

Table 3.2-2.  PCS Vessel Design 

Height (m) 35.2 

Inner Diameter (m) 7.5 

Outer Diameter (at flange) (m) 8.5 

Wall Thickness (MM) 152 

Weights:  

  Ellipsoidal Head (MT) 178 

  Upper Vessel Assembly (MT) 482 

  Lower Vessel Assembly (MT) 717 

Vessel Material SA508 / SA533 
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3.2.5 IHX Vessel 

The IHX vessel is a pressure boundary for the primary helium coolant and will be designed 
according to Section III of the ASME Code.  The material selected for the IHX vessel for the 
NGNP preconceptual design is 2¼Cr-1Mo steel.  The IHX vessel may include a ceramic fiber 
insulation layer on inside surfaces to maintain operating temperatures within the material 
temperature limits.  The vessel has an inner diameter of 3.81 m and is approximately 16 m in 
height.

3.2.6 Vessel System Support Arrangement 

Vertical vessel support is provided at the same building elevation for the reactor, PCS, and IHX 
vessels.  This feature minimizes differential vertical thermal expansion between connecting 
vessels at the cross vessel elevation, thus minimizing shear and bending moments on either 
cross vessel.  The vertical support is provided through sliding pads which allow unrestrained 
thermal and pressure expansions of the vessel system in the horizontal plane, minimizing axial 
loads on the cross vessels.  The vessel support design limits relative motions between the 
vessels and Reactor Building during a seismic event. 

The reactor vessel supports consist of a lower support structure, a lower lateral support frame, 
and an upper lateral support frame.  The lateral support frames are designed to restrain the 
vessel against horizontal motion while allowing free radial and axial thermal expansion of the 
vessel.  The vertical support for the reactor vessel is provided by four support feet integral with 
the reactor vessel below the cross vessel elevation.  Each foot has an attached lubricated 
spherical bearing which mates with the lower support frame.  This support frame transmits all 
vertical loads to the reactor cavity cooling floor.  The support feet also mate with keyways on the 
lower lateral support frames thereby providing horizontal restraint for the reactor vessel.  Four 
upper lateral keyways located on the reactor vessel main flange mate with keys on the upper 
lateral support frame transmitting tangential loads to the reactor cavity walls.  The reactor vessel 
supports provide vertical support and tangential restraint while allowing unrestrained radial and 
axial thermal growth. 

The power conversion vessel is supported by four sliding pads spaced 180-degrees apart below 
its cross vessel centerline.  The sliding pads allow the power conversion vessel to move freely 
in line with its cross vessel to accommodate thermal expansion/contraction of the vessel 
system.  The support lugs on which the sliding pads are mounted also act as lateral restraint 
keys to prevent motion perpendicular to its cross vessel axis.  Two lateral restraint keys are 
located near the bottom of the power conversion vessel to provide lateral restraint perpendicular 
to its cross vessel while allowing movement in line with it.  Two large-bore hydraulic snubber 
mechanisms are also located near the bottom of the vessel at different elevations from the 
partial restraint keys, which allow unrestrained movement of the power conversion vessel in line 
with its cross vessel to accommodate slow thermal expansions of the vessel system during all 
design duty cycle events.  However, they prevent any rapid motion of the vessel, mitigating high 
seismically induced stresses in its cross vessel. 

The IHX vessel is supported by four sliding pads spaced 180-degrees apart below its cross 
vessel centerline.  The sliding pads allow the IHX vessel to move freely in line with its cross 
vessel to accommodate thermal expansion/contraction of the vessel system.  The support lugs 
on which the sliding pads are mounted also act as lateral restraint keys to prevent motion 
perpendicular to its cross vessel axis.  Two lateral restraint keys are located near the bottom of 
the IHX vessel to provide lateral restraint perpendicular to its cross vessel while allowing 
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movement in line with it.  Two large-bore hydraulic snubber mechanisms are also located near 
the bottom of the vessel at different elevations from the partial restraint keys, which allow 
unrestrained movement of the IHX vessel in line with its cross vessel to accommodate slow 
thermal expansions of the vessel system during all design duty cycle events.  However, they 
prevent any rapid motion of the vessel, mitigating high seismically induced stresses in its cross 
vessel. 

3.3 Fuel Handling System 

The Fuel Handling System for the NGNP reactor will be similar to that designed for the GT-
MHR.  The GT-MHR system includes the fuel handling machine, two fuel transfer casks, an 
auxiliary transfer cask, the fuel handling equipment positioner, the fuel handling equipment 
support structure, and the local spent fuel storage and handling facilities.  Two or three large, 
portable, isolation gate valves are also included in the fuel handling system equipment 
inventory.  These valves are placed over the spent fuel storage wells, or the spent fuel sealing 
and inspection facility whenever elements are moved in or out of these locations.  All operations 
and movements of the machines and the associated fuel and reflector elements are 
automatically monitored and recorded to maintain full accountability.  Each fuel and reflector 
element is uniquely identified as necessary to support this accountability requirement.  The fuel 
sealing and inspection facility is included in the system to provide for receipt and inspection of 
new fuel, and for packaging of spent fuel that is to be transported for storage or disposition 
either within the plant area or off-site. 

The refueling procedure for the NGNP will also be essentially the same as that developed for 
the GT-MHR, except that the actual in-core refueling operation for NGNP reactor will be 
executed on a column-by-column basis rather than using a layer-by-layer procedure as 
originally intended for the GT-MHR.  Refueling takes place on a specific schedule, and involves 
the entire 1020 fuel element inventory in the reactor core, plus certain replaceable reflector 
elements as may be required. 

The arrangement of fuel handling equipment is shown in Figure 3.3-1.  A routine refueling 
commences with depressurization of the vessel system and installation of the fuel handling 
support structure above the reactor vessel.  This support structure is moved and handled using 
the fuel handling equipment positioner.  Using the auxiliary service cask, the nuclear 
instrumentation equipment is removed from the reactor vessel centerline penetration.  A fuel 
element guide sleeve and support plate assembly is then inserted into this penetration, also 
using the auxiliary service cask.  This equipment item is needed to support movement of fuel 
and reflector elements between the fuel handling machine and the fuel transfer cask during the 
refueling procedure.  Under controlled conditions, a neutron control assembly (control rod drive) 
is removed from one of the vessel top head inner penetrations using the auxiliary service cask.  
Using the fuel handling equipment positioner, the fuel handling machine is installed over that 
same penetration.  Also using the fuel handling equipment positioner, a fuel transfer cask is 
mounted over the reactor vessel centerline penetration, immediately adjacent to the fuel 
handling machine.  Both machines are anchored to the support structure to assure seismic 
integrity. 

Fuel and reflector elements are removed from the reactor in a specific order and placed in the 
fuel transfer cask, one by one.  When full, this cask is moved to the spent fuel storage area 
where all or a portion of these elements are placed in a helium-filled spent fuel storage well for 
interim cooling.  New fuel elements are then loaded into the fuel transfer cask and moved to the 
reactor where they are placed into the core, also in a specific order. 
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Figure 3.3-1.  GT-MHR Fuel Handling Equipment 

Replacement of certain fuel and reflector elements near the outer edges of the core requires 
that the control rods (and guide tubes) and reserve shutdown guide tubes associated with the 
neutron control assemblies in the outer penetrations to be withdrawn to allow access into this 
area by the fuel handling machine.  All such control rod withdrawals must be fully approved prior 
to withdrawal, and carefully controlled and monitored during the actual withdrawal.  When all 
element moves are completed in this outer area, the rods and guide tubes are re-inserted. 

When the current one-sixth region of the reactor has been refueled, the fuel handling machine is 
removed and the neutron control assembly is replaced in that penetration.  The fuel handling 
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support structure is then rotated as needed to obtain access to the next inner top head 
penetration for continuation of the refueling procedure.  This process continues until the entire 
reactor core has been refueled in accordance with a predetermined sequence of fuel and 
reflector movements, after which the fuel handling support structure is removed and the reactor 
is recovered and prepared for resumption of operations.  A diagram of the one-sixth refueling 
sector is shown in Figure 3.3-2. 

Figure 3.3-2.  Refueling Sector 

3.3.1 Fuel Handling Machine Design 

The fuel handling machine is a hermetically sealed cask containing an internal lifting mechanism 
designed to remove and replace all fuel and replaceable reflector elements to and from their 
assigned positions in the reactor core, schematically shown in Figure 3.3-3.  The fuel handling 
machine is equipped with a large isolation gate valve at the bottom such that the internal 
atmosphere in the machine can be controlled at all times.  Operation of the fuel handling 
machine can be performed either automatically by way of prescribed programming instructions, 
or it can be operated manually within certain limits.  Machine operations are controlled from the 
fuel handling control room, either manually or automatically, based on feedback signals from 
instrumentation sensors located at strategic positions within the machine and its various internal 
mechanisms. 

Before commencing any fuel handling operations, the internal volume of the machine must be 
evacuated of any residual atmospheric air and backfilled with helium to assure a proper 
environment for handling active spent fuel elements, and to maintain a proper compatibility with 
the reactor vessel internal environment.  When operating over the reactor core, the fuel handling 
machine is securely anchored to one of the refueling positions on the fuel handling support 
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structure from which approximately one-sixth of the in-core fuel and reflector elements can be 
reached.

Figure 3.3-3.  Fuel Handling Machine 

The element handling mechanism within the fuel handling machine is motor-driven through a 
system of gears, pulleys, and support cables or chains.  The primary movement of this internal 
mechanism is in the vertical direction, while the grapple mechanism affixed to the lower end of 
the internal mechanism is capable of being moved in both the azimuthal and radial directions 
with respect to the centerline of the fuel handling machine.  This capability allows the machine 
to reach all of the required fuel and reflector elements within a given radius about the centerline 
of the penetration in which the machine is operating.  The maximum reach will be on the order 
of 1.63 meters.  The grapple mechanism itself must also be capable of rotating about its own 
vertical centerline to accommodate the various orientations of the fuel and reflector columns. 

The element grapple mechanism is designed to remove and replace each of the elements within 
a single fuel column, one at a time.  The actual element gripper device is designed to be fail-
safe in that it must be energized to achieve the un-grappled position.  When the grapple is 
inserted into the element, the gripper mechanism is de-energized to allow the gripper to firmly 
engage the element.  If the grapple mechanism attempts to move an element (up or down) 
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within the column, and it is determined that the element cannot be moved freely, a mechanical 
feature within the grapple mechanism is activated.  This feature incorporates a series of 
mechanical extensors that press simultaneously against the six faces of the adjacent fuel 
element columns.  This forces the elements to move sideways slightly thus creating sufficient 
clearance for the element being handled to be either inserted or withdrawn as required.  If either 
the grapple mechanism or the overall support mechanism within the fuel handling machine 
should become inoperable while in a radially extended configuration, a recovery feature built 
into the system can be activated by which the overall internal fuel handling mechanism can be 
released into a completely vertical orientation that would allow complete removal of the 
assembly from the reactor vessel into the fuel handling machine.  The machine could then be 
removed to the hot cell for inspection and repair. 

The refueling procedure is arranged such that each individual element in a single column of 
elements in the reactor shall be removable from that column, one at a time.  The withdrawn 
element is placed on the fuel element support plate at the bottom of the guide sleeve that has 
been inserted into the reactor vessel centerline top head penetration.  The fuel transfer cask 
installed on this central penetration then grapples the element and lifts it out of the reactor 
vessel and places it in the cask for subsequent movement to the spent fuel storage facility.  
Similarly, fresh fuel or reflector elements are placed on the refueling sleeve support by the fuel 
transfer cask from which the fuel handling machine moves them to their prescribed in-core 
positions.

3.3.2 Fuel Transfer Cask Design  

The overall fuel handling system consists of two fuel transfer casks, having the design shown in 
Figure 3.3-4.  Each cask is hermetically sealed and is evacuated and backfilled with helium to 
ensure that when the cask is operated over the reactor vessel, the vessel internal atmosphere 
will not become contaminated.  The bottom of the cask contains a large isolation gate valve that 
seals to the top of the corresponding gate valve in the fuel handling support structure.  Each 
cask is also fully shielded to protect personnel from the radiation fields generated by the spent 
fuel elements contained within.  A cooling system for the cask may (or may not) be included in 
the cask design based on detailed heat transfer analyses. 

The fuel transfer casks are used to move both fresh and spent fuel, plus reflector elements, to 
and from the reactor vessel.  While one transfer cask is in operation over the reactor, the other 
cask can off-load spent fuel or reflector elements and reload fresh elements while in-core 
operations continue using the second cask.  Movement of elements to or from the casks is 
accomplished through the use of an internal lifting mechanism.  This mechanism moves 
vertically within the machine using a motor-driven assembly that is supported on cables or 
chains as required to obtain consistent and repeatable movements along the cask centerline.  
All element movements within this cask are automatically controlled in response to signals from 
instrumentation contained within the machine.  All movements are programmed and recorded to 
ensure compliance with the step-by-step requirements of the current fuel handling procedure. 

All fuel and reflector elements removed from a single column in the core are placed in interim 
storage racks contained within a rotatable drum at the bottom of the fuel transfer cask.  A total 
of ten fuel elements plus the top reflector elements of the column being refueled must be 
accommodated.  The elements are lifted into the cask, above the drum, which is then rotated 
into position to receive the element.  The element is off-loaded, and the drum is repositioned to 
allow the element grapple to once again be lowered into the reactor vessel.  When all elements 
from a single in-core column have been placed in the cask, the cask is transported by the fuel 
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handling equipment positioner to the spent fuel storage wells where some (or all) of the spent 
fuel elements are off-loaded.  The remaining elements are reshuffled in the internal storage 
drum and new fuel elements are loaded into the cask such that all elements will be located in 
the cask in the proper order as specified by the refueling program. 

The fuel transfer cask and the fuel handling machine must operate together to accomplish the 
refueling process.  Each element removed from the core by the fuel handling machine is placed 
on the support platform at the bottom of the refueling sleeve installed in the reactor vessel 
centerline penetration.  The fuel element grapple in the transfer cask is then used to pick up the 
element and place it in the storage drum in the cask.  While this movement is in progress, the 
fuel handling machine is simultaneously removing the next element from the core.  A similar 
sequence of moves is employed when elements are being replaced in the core. 

Figure 3.3-4.  Fuel Transfer Cask 

3.3.3 Fuel Handling Equipment Support Structure Design 

The Fuel Handling Support Structure is a large circular device that mounts over the reactor 
vessel in a specific orientation that allows access to all of the refueling penetrations in the top 
head of the vessel.  This structure is moved to the reactor vessel using the fuel handling 
equipment positioner, and when installed, the structure is affixed to and supported by a large 
circular skirt mounted directly on the top head of the reactor vessel.  This skirt is designed to 
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support the fuel handling support structure, plus the fully loaded fuel handling and fuel transfer 
casks.

The fuel handling support structure contains an arrangement of five large reactor isolation gate 
valves equipped with inflatable seals that are capable of mating with and sealing to the top of 
the refueling penetrations.  These large isolation valves also mate with the large isolation gate 
valves at the bottom of the fuel handling machine and the fuel transfer casks when they are 
mounted on and affixed to the structure in support of the fuel handling operation.  The fuel 
handling support structure is designed to be rotatable about the reactor vessel centerline.  
Depending on the specific area within the reactor that is to be refueled, this support structure is 
rotated and oriented with respect to the reactor vessel centerline to obtain access to the desired 
refueling penetration.  When in the proper position to support refueling, the support structure is 
fixed at that location to prevent any inadvertent movement. 

3.3.4 Fuel Handling Equipment Positioner Design 

During a typical refueling outage, there will be a frequent need to move the fuel transfer casks 
between the spent fuel storage area and the reactor.  Such operations would normally require 
the use of an overhead building crane.  However, to accommodate these movements during the 
refueling procedure, a fuel handling equipment positioner has been included as part of the fuel 
handling system to eliminate the need for frequent use of the overhead crane.  The building 
crane is then available for other uses, while the refueling procedure is in progress. 

The fuel handling equipment positioner is essentially a gantry crane that rides on rails 
embedded in the reactor hall floor.  This positioner is designed to move the fuel handling 
machine, the fuel transfer casks, and the fuel handling support structure.  The positioner is 
moved by high capacity DC servo motors through the use of controls that can precisely locate 
the positioner with respect to established benchmarks.  This will ensure that the positioner, 
when located over the reactor, or at a specific spent fuel storage well, will be at the precise 
position to support operation of the fuel transfer casks at these locations.  Similarly, the 
positioner is designed to move and locate the fuel handling machine on any of the six refueling 
penetrations at the reactor vessel.  Once the fuel handling machine has been installed and 
affixed to the support structure, the positioner can be relocated as needed to support 
movements of the fuel transfer casks. 

3.3.5 Local Storage Facility Design 

New fuel and reflector elements will arrive at the plant in special protective containers.  These 
elements are carefully inspected and inventoried, after which they are placed into empty spent 
fuel storage wells in the specific order that will be required to support the refueling program.  
Each new fuel or reflector element will eventually be placed into the reactor at a specified 
location.  The design of each spent fuel storage well is in the form of a closed, water-tight 
cylinder with a shield plug installed at the top of the well.  These shield plugs are affixed with 
seals to assure maintenance and control of the internal well atmosphere at all times.  When fuel 
or reflector elements are to be placed in the well, one of the large isolation gate valves is 
installed over the well, and the shield plug is removed by the auxiliary service cask.  After the 
well has been filled (or emptied, as the case may be), this cask is again used to replace the 
shield plug. 

Spent fuel and reflector elements removed from the reactor will be placed into the spent fuel 
storage wells where the elements can be actively cooled for a designated period of time after 
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removal.  Reflector elements do not need to be actively cooled for extended periods of time, and 
therefore can be removed from storage as soon as possible after the conclusion of the current 
refueling program, and either prepared for long term storage at the facility or packaged for 
shipment off site. 

Each spent fuel storage well is designed to contain a total of ten fuel or reflector elements 
stacked one above the other.  These wells are immersed in a spent fuel storage pool, and 
arranged in a regular, uniformly compact array.  The spent fuel storage pool is cooled by the 
Spent Fuel Cooling Water System.  Each storage well must be prepared in advance for the 
receipt of fuel or reflector elements by evacuating any residual atmospheric air and replacing it 
with pure helium.  This can be accomplished by connecting the well atmosphere to the fuel 
handling vacuum system.  After evacuation, the well is isolated and backfilled with helium. 

The NGNP reactor will contain 1020 fuel elements and approximately 1934 replaceable reflector 
elements.  This number includes all replaceable reflector columns plus the reflectors above and 
below the fuel elements.  The total number of spent fuel element locations to be included in the 
spent fuel storage system therefore depends on the element replacement scheme specified for 
a typical reactor refueling cycle, plus the total number of spent fuel storage locations needed for 
spent reflector elements removed for interim storage during the refueling procedure.  The space 
required also depends on the amount of time that spent fuel must remain actively cooled after 
removal from the reactor.  Finally, to this total must be added 1020 empty locations such that a 
complete core fuel removal can be accomplished at any time. 

If one half of the reactor fuel elements are replaced during a single refueling, there must be 
spent fuel storage space for 510 elements.  If the replaceable reflector schedule is based on a 
one sixth replacement scheme at each refueling, then there must also be storage space for 
approximately 323 reflectors.  Adding the 1020 empty spaces required for a total core removal 
brings the total number of spent fuel storage spaces to 1853.  If the cooling time required for the 
spent fuel exceeds the length of a typical refueling cycle, an additional 510 spaces is required 
for a total of 2363 individual element storage spaces.  With ten elements per storage well, a 
total of approximately 237 individual storage wells is required.  This could be accommodated 
(for example) by an approximately 16 by 15 rectangular array of wells. In any case, the selected 
storage well configuration must take into account any nuclear criticality considerations.  For the 
NGNP Prototype facility, the spent fuel storage area will be located nearby to the reactor with 
each individual well being accessible by the fuel transfer casks. 

After the required spent fuel cooling period has been completed, the fuel elements are removed 
from the spent fuel storage wells using the fuel transfer cask and moved to the spent fuel 
packaging and sealing facility.  This facility is located beneath the reactor hall floor.  Here, the 
elements are packaged and sealed for placement in shielded containers, either individually or in 
groups based on the radiation levels produced by the elements.  The specific design of the 
sealing facility (and the storage containers) must accommodate automatic remote handling and 
sealing operations.  Further, the facility must be designed to allow for the subsequent movement 
of these containers to the local on site storage area, or for placement on an approved 
transporter for relocation to an off site storage location.  This facility can also be designed for 
the interim storage of spent reflector elements, thus making available empty fuel storage wells.  
A diagram of the local storage facility is shown in Figure 3.3-5. 
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Figure 3.3-5.  Local Storage Facility 

3.3.6 Fuel Element Handling, Accountability, and QA System Design 

As noted in previous sections, each individual fuel and reflector element is uniquely identified by 
markings on the elements themselves.  These identifying marks can be readily observed using 
automated recognition features and equipment designed into the element handling equipment.  
New fuel elements are specifically identified as to the type of fuel (and/or poison) content, as 
well as the geometrical properties of the element such as a standard element, a control rod 
element, or a reserve shutdown element.  All elements, both fuel and reflector, shall be further 
identified by unique serial numbers. 

The individual fuel and reflector elements that will be involved in a typical refueling program are 
precisely determined prior to commencing preparations for the actual refueling operation.  Each 
element currently in the reactor core, and that is scheduled for replacement, is identified, and its 
sequential movement from the core is established.  The exact location in the spent fuel storage 
system where each element will be placed for storage and cooling is also established in 
advance.  Each new element (fuel or reflector) is assigned to a specific location in the reactor 
core before the element is placed at the associated specific location in a fuel storage well to 
await installation in the core.  The fuel storage locations are assigned based on the sequential 
order in which these elements are required to support the overall refueling sequence of 
operations.  All of the elements and their various locations, both in storage and the reactor, are 
fixed in advance of the initiation of the refueling program, and all of the records and 
documentation associated with this process are verified for accuracy and completeness, and 
retained for future reference. 
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During the ongoing refueling process, the actual movements of the elements are continuously 
followed and recorded, and verification of these movements are observed and approved by the 
fuel handling Quality Assurance (QA) staff to make certain that the prescribed element moves 
have been completed accurately.  When the refueling program has been completed, QA must 
approve the official documents which are then retained for possible future reference and review.  
These records shall remain on file at the plant for whatever duration is established for such 
records.

3.4 Shutdown Cooling System 

The SCS provides decay heat removal when the PCS, the main heat removal system, is off line.  
The SCS consists of a circulator with shutoff valve, a heat exchanger, a control system, a 
shutdown cooling water system, and equipment for servicing the circulator and heat exchanger.  
The SCS design is the same as that for the GT-MHR.  Figure 3.4-1 shows the SCS cooling loop 
and the location of the shutdown heat exchanger and shutdown circulator in the reactor vessel. 

Figure 3.4-1.  Shutdown Cooling System General Arrangement 
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The SCS consists of a single loop (one per reactor module) with the heat exchanger in series 
with the circulator and loop shutoff valve assembly.  These components are located at the 
bottom of the reactor vessel.  Hot helium from the core outlet plenum flows through multiple 
parallel openings (pipes) in the center of the core support structure and into the heat exchanger.  
Once cooled, the helium continues downward through the loop shutoff valve to the circulator 
where it is compressed and discharged into the reactor vessel bottom head cavity.  The cool 
helium then flows through the internal passage formed by the core support structure, up through 
the flow channels in the PSR, and into the core inlet plenum.  The loop is completed as the 
helium flows down through the reactor core.  The heat is transferred to a cooling water system 
that rejects the heat to the atmosphere through an air-cooled heat exchanger. 

Because of the pressure drop associated with the IHX and PCS, there will be some back flow of 
helium through the IHX and PCS vessels.  This backflow is factored into the SCS design in 
order to prevent local flow reversals and ensure adequate core cooling. 

The SCS is sized to remove decay heat under both pressurized and depressurized conditions.  
Under pressurized conditions the SCS is sized to remove up to 40 MWt.  When the reactor 
system is shutdown and depressurized for maintenance or refueling, the SCS is sized to 
remove up to 14.1 MWt.  Typically, maintenance activities are performed at least 24 hours after 
reactor shutdown, which corresponds to a decay heat load of about 5.8 MWt.  To ensure high 
reliability, the SCS can draw electrical power from either normal or standby power systems. 

3.4.1 Shutdown Heat Exchanger and Circulator 

Table 3.4-1 provides the design parameters for the SCS heat exchanger and circulator, which 
are shown in Figure 3.4-2.  Figure 3.4-3 shows a cross-sectional view of the SCS circulator. 

Table 3.4-1.  Shutdown Cooling System Design Parameters 

Shutdown Heat Exchanger Depressurized Pressurized 

Design heat duty, MWt 14.1 40 

Helium inlet temperature, °C (°F) 1032 (1890) 807 (1485) 

Helium outlet temperature, °C (°F) 179 (355) 341 (645 

Helium flow, kg/sec (lb/h) 3.21 (25,438) 14.51 (115,200) 

Water flow, kg/sec (lb/h) 57.19 (454,000) 57.19 (454,000) 

Water inlet temperature, °C (°F) 60 (140) 60 (140) 

Shutdown circulator   

Motor power, kW (hp) 323 (433) TBD 

Speed, rpm 6000 TBD 

Exit pressure, kPa (psia) 84.1 (12.2) TBD 

Inlet temperature, °C (°F) 179 (355) 341 (645) 

Helium pressure rise, kPa (psid) 6.14 (0.89) TBD 

Helium flow, kg/sec (lb/h) 3.21 (25,438) 14.51 (115,200) 
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Figure 3.4-2.  SCS Circulator and Heat Exchanger 

Figure 3.4-3.  SCS Circulator Sectional View 
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During normal operation of the reactor system, the SCS operates in a standby mode.  During 
this mode, a small amount of cold leg helium leaks (back flows) through the closed shutdown 
valve and flows opposite the normal flow direction through the SCS circulator and over the SCS 
heat exchanger tubes.  In this mode the circulator is not operating, but the SCS cooling water 
system supplies a small amount of water flow to the heat exchanger.  This water flow prevents 
thermal shock when the SCS switches to an active cooling mode, but also results in a parasitic 
heat loss of up to 1.3 MWt during normal operation.  Therefore, the standby-mode water flow 
must be set as low as possible without resulting in one or both of the following adverse 
conditions: (a) boiling and/or (b) static instability due to the large hydrostatic head in the heat 
exchanger.  During standby mode, the primary coolant helium pressure is higher than the SCS 
water pressure, in order to prevent water ingress into the reactor system during normal 
operation.  The SCS is manually switched from standby mode to an active cooling mode at the 
discretion of an operator. 

3.4.2 Shutdown Cooling Control 

The SCS control system includes protection features to actuate isolation valves and shutdown 
the circulator if the following events are detected:  heat exchanger leaks, circulator overspeed, 
low cooling water flow, loss of net positive suction head, and high heat exchanger temperatures.  
The configuration of shutdown cooling control includes controls for maintaining proper primary 
and secondary flow and controls for maintaining conditions on the secondary side.  The 
following are the major controls for the SCS: 

• Startup or shutdown sequence by coordinating the activation of isolation valves and 
circulator power supply. 

• Shutdown Heat Exchanger (SHX) cooling water exit temperature by adjusting the 
shutdown circulator speed set point (helium flow). 

• Shutdown circulator speed by adjusting the output frequency and voltage of the circulator 
motor power supply. 

• Switching between the standby mode water pump and the cooldown mode pump. 

With these controls, the required SCS primary and secondary flows are maintained. 
The minor SCS controllers include the controls required to maintain level and pressure in the 
surge tank, a shutdown water pressure control, and a control to maintain circulator speed set 
point by adjusting motor frequency. 

The control system also includes several SCS protection features such as loop isolation upon 
SHX leak detection, shutdown circulator overspeed protection, low water flow protection, loss of 
net positive suction head protection, and SHX high temperature protection. 

During the cooldown mode of operation, the control system controls both helium and water side 
conditions.  During the standby mode, the shutdown circulator is shutdown and the control 
system controls the water conditions only. 

3.4.3 Shutdown Cooling Water System 

The SCS is required to be redundant and diverse from the PCS, therefore, a dedicated cooling 
water loop is needed to provide the secondary coolant flow to the SHX.  The shutdown cooling 
water loop consists of one 100% capacity jockey pump (for standby mode water flow), one 
100% capacity cooldown pump, a pressurizer tank, a make-up water storage tank, and one 
100% capacity air-cooled heat exchanger equipped with two 100% capacity fan banks. 
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In the standby mode, the cooling water system operates continuously to remove a maximum of 
1.3 MWt heat resulting from helium back flowing through the SHX.  In the cooldown mode, the 
SCS provides reactor cooldown to temperatures compatible with maintenance activities and 
maintains heat removal.  The maximum shutdown cooling water heat load occurs when the SCS 
is started after a pressurized conduction cooldown.  The heat load during this cooldown mode is 
40 MWt.  At the end of a 24 hour cooldown with the PCS out of service, the heat load is 
5.8 MWt. 

3.5 Reactor Cavity Cooling System 

The Reactor Cavity Cooling System (RCCS) is a safety-related system that provides a passive 
means of removing core residual heat during accident conditions when neither the PCS nor the 
SCS is available.  The NGNP RCCS design is the same as that for the GT-MHR.  Shown in 
Figure 3.5-1, the RCCS is a completely passive design that has no pumps, circulators, valves, 
or other active components.  The RCCS receives heat transferred from the uninsulated reactor 
vessel by thermal radiation and natural convection.  RCCS components include cooling panels 
that surround the reactor vessel, inlet/outlet structures that are located above grade on top of 
the Reactor Building, and a concentric duct system with the annular, outer flow path acting as 
the cold leg and the inner flow path acting as the hot leg.  Through a balance of buoyancy and 
gravitational forces, natural convection airflow is established through the RCCS circuit. 

Figure 3.5-1.  Passive Air-Cooled RCCS 
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The RCCS has multiple inlet/outlet ports and interconnected parallel flow paths to ensure 
cooling in the event of blockage of any single duct or opening, and is robustly designed to 
survive all credible accidents scenarios.  Nevertheless, if the RCCS were to fail, the NGNP is 
designed to allow heat transfer from the core to the surrounding ground.  Under these beyond-
design basis accident conditions, damage to the reactor vessel and silo concrete may occur, but 
peak fuel temperatures remain below 1600°C and 10CFR100 offsite dose limits are not 
exceeded.

The system is required to operate continuously in all modes of plant operation to support normal 
operation, and, if forced cooling is lost, it functions to remove decay heat to ensure investment 
and safety protection.  The RCCS consists of a cooling panel which includes cold downcomers 
and hot risers and is located inside the reactor cavity surrounding the reactor vessel.  
Connected to the cooling panel are the concentric hot and cold ducts which connect the panel to 
the inlet/outlet structure. 

3.5.1 RCCS Cooling Panels 

As shown in Figure 4.1-3 in Section 4, the RCCS panels follow the internal contour of the 
reactor cavity and surround the reactor vessel over its full circumference and length.  The cold 
side of the RCCS panels consists of four parts:  upper cold plenum, downcomer, bottom cold 
plenum, and drain arrangement.  The upper cold plenum receives cold air from the ductwork 
and distributes the cold air over the full circumference and directs the airflow to the 
downcomers.  It also protects the concrete portion of the cavity ceiling from reactor vessel heat 
and serves as a quiescent/damping chamber which attenuates the effects of any atmospheric 
disturbance in the incoming cold air. 

A reflective surface/insulation with a metal cover is provided as a part of the downcomer.  This 
surface serves to reflect the reactor vessel heat back to the cavity, and also protects the cold 
incoming air from being prematurely heated as it flows through the downcomer. 

The bottom cold plenum, located at the bottom end of the downcomer, is essentially a box-
shaped continuous ring header around the reactor vessel along the cavity wall.  It permits 
change in airflow direction with minimal flow resistance and facilitates proper distribution of 
airflow to the riser part of the cooling panel.  Any atmospheric disturbance and maldistribution 
that may have propagated down to the bottom of the cooling panel is suppressed in the bottom 
plenum and proper airflow distribution is restored. 

Several drain connections are provided in the bottom cold plenum to drain any water that may 
be collected from the incoming air.  Although the input/output structure is designed to prevent 
rain water from entering the RCCS, potential sources of water are mist entrained in the air, or 
some condensation on the cooler surfaces.  The drain lines do not have any valves or pumps, 
and the cooling panels drain to the sump by gravity.  The drain lines are oversized to provide 
flow in the event they become partially obstructed. 

The hot side of the RCCS cooling panel consists of two parts:  the riser and the hot plenum.  
The riser part consists of vertical rectangular structural steel tubes arranged around the reactor 
vessel.  The tubes rise from the bottom cold plenum and connect to the hot plenum located at 
the top of the reactor cavity.  The hot riser tubes are supported on the bottom plenum which 
enables the tubes and the hot plenum to expand as they are heated.  The design and 
configuration of the lateral support plates also accommodate thermal expansion of the tubes.  
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The entire RCCS cooling panel assembly is a stable rigid structure which is designed for all 
required thermal, seismic, and pressure loading (due to tornado or pipe rupture). 

3.5.2 RCCS Operation 

The RCCS is designed to remove ~4 MWt when the primary cooling circuit is either pressurized 
or depressurized.  The RCCS is not required to remove decay heat during normal operation.  
However, since the system is passive, the system removes some parasitic heat during normal 
power operation, and removes some decay heat during normal shutdown because of the 
difference in the reactor vessel temperature and the outside air temperature. 

During normal power operation, forced circulation of the primary coolant results in a near-
uniform vessel temperature.  The RCCS is designed to accommodate outside air temperatures 
over a range of -42°C (-45°F) to 43°C (110°F).  Table 3.5.1 summarizes the performance of the 
RCCS at 100% reactor power with 43°C ambient air temperature.  The NGNP is designed to 
operate with coolant inlet and outlet temperatures that are 100°C higher than those for the GT-
MHR.  However, as discussed in Section 3.1.2.2, design modifications for higher-temperature 
operation of the NGNP should result in vessel temperatures and parasitic heat losses to the 
RCCS that are within the envelope of the GT-MHR RCCS design. 

Table 3.5-1.  RCCS Steady State Performance at 100% Reactor Power 

Reactor Vessel  

 Heat loss to RCCS, kW 3300 

 Inside wall temperature, °C (°F) 485 (905) 

 Average outside wall temperature, °C (°F) (not including flange) 446 (835) 

 Maximum outside wall temperature, °C (°F) 474 (886) 

Cooling Panel (Front)  

 Average temperature, °C (°F) 267 (513) 

 Maximum temperature, °C (°F) 323 (613) 

 Air inlet temperature, °C (°F) 43 (110) 

 Air outlet temperature, °C (°F) 274 (515) 

 Airflow kg/sec (lbm/h) 14.3 (113,500)

 Maximum velocity, m/sec (ft/sec) at exit from panel 11.5 (37.7) 

Structure  

 Concrete surface temperature, °C (°F) 49 (120) 
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3.6 Power Conversion System 

3.6.1 GT-MHR PCS Design 

3.6.1.1 Design Description 

A vertical integrated PCS design was selected for the GT-MHR from trade studies that were 
performed as part of the GT-MHR preconceptual design that was developed under a joint 
initiative of the DOE and U.S. Utilities over the period 1991- 1994.  The original PCS design 
concept was developed by GA, General Electric, and Allied Signal.  In 1994, the GT-MHR was 
selected as the basis for a joint effort by the U.S. and Russia to design a MHR to be used for 
disposition of weapons-grade plutonium.  OKB Mechanical Design (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 3.6-1.  The PCS consists of four major 
components: a turbomachine (TM), a recuperator, a precooler and intercooler, and the in-vessel 
metalwork (IVM).  The TM 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 
standard current frequency of 60 Hz. 

Key design features of the PCS include: 

 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, allows vertical lifts for maintenance, and the 
use of gravity to offset turbine thrust, 

 Electromagnetic bearings (EMBs) 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, and 

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

Figures 3.6-2 and 3.6-3 show a basic and detailed diagram of how the coolant is circulated 
within the PCS.  High pressure helium from the core outlet plenum flows through the hot gas 
duct (HGD) inside the PCU cross vessel to the turbine where it expands.  The mechanical 
energy generated in the turbine is used to drive the generator and the low-pressure compressor 
and high-pressure compressor, which are arranged on a common shaft.  Downstream of the 
turbine, the helium flows through the low-pressure side of the recuperator where heat is 
transferred to the helium flowing back to the reactor through the high-pressure side of the 
recuperator.  Upon exiting the low-pressure side of the recuperator, the helium passes through 
the precooler, where it is cooled to about 25°C, before passing through the low-pressure 
compressor (LPC).  After exiting the LPC, the helium passes through the intercooler where it is 
again cooled to about 25°C before passing through the high-pressure compressor.  The helium 
then flows through the recuperator high-pressure side, where it is heated up to the reactor inlet 
temperature, and flows back to the reactor through the annular gap between the PCS cross 
vessel and the hot duct. 
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Figure 3.6-1.  Power Conversion System Design Concept 

Figure 3.6-2.  Basic Illustration of Helium Circulation in the PCS 
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Figure 3.6-3.  Detailed Illustration of Helium Circulation in the PCS 
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3.6.1.1.1 Turbomachine 

Turbocompressor (TC).  The TC consists of the turbine, the low-pressure compressor (LPC), 
the high-pressure compressor (HPC), and the TC electromagnetic bearing (EMB) support 
system.  Figure 3.6-4 illustrates the design of the TC.  The turbine and compressor stators 
constitute a single load-bearing structure, which protects other PCS components and the PCS 
vessel against TC breakdowns (de-blading, etc.).  The turbine and compressors are multistage 
and axial. 

The TC design provides rotor seals at the upper end (buffer and repair seals) and sliding seals 
for the TC stators.  The buffer and repair seals are designed to prevent helium egress of the 
primary helium coolant into the PCS vessel upper section that contains the generator.  The 
buffer seal is used during TM operation and the repair seal during TM shutdown.  TC sliding 
seals are arranged on the outside of the stator in annular grooves where the TC contacts with 
the IVM.  The design of the stator sliding seals allows for mounting and dismounting the TC, 
limits leaks between cavities with different pressures and temperatures, provides for axial and 
radial displacements of the TC stator relative to the IVM caused by differences in thermal 
expansion of the TC stator and IVM, and functions as radial supports for the TC stators. 

Generator.  The generator is a vertical rotating asynchronous machine consisting of a main 
generator, exciter, and a generator support system. The generator stator is enclosed in a 
casing, which is a load bearing structure for the rotor and the TC stator.  The generator stator 
and rotor, exciter, and electric terminals are cooled with helium, which is circulated in a closed 
circuit by a fan installed on the generator rotor; heat is removed via gas coolers using a water 
cooling system. 

Helium flow from the TC cavity to the generator cavity is controlled by the buffer seal located 
between the two cavities.  A higher pressure is maintained in the generator cavity than in the TC 
cavity.  Figure 3.6-5 illustrates the design of the buffer seal, which has a brush and labyrinth 
geometry.  A supply of clean helium is provided to the helium cavity in the seal to prevent flow 
from the TC cavity to the generator cavity. 

Fall-back options for the PCS include use of an external generator.  Having the generator 
outside of the primary coolant pressure boundary would permit use of conventional oil bearings 
and eliminate the need for EMBs for the generator.  To facilitate an external generator, a dry 
gas seal (DGS) would be utilized to provide for a part of the primary pressure boundary.  The 
DGS would be placed between the TC and the generator 

Dry gas seals are widely used around the world and they are one of the promising options to 
seal the TC shaft in the GT-MHR.  However, there are no experimental data on DGS tests 
under conditions that are typical of the GT-MHR dimensions, speed and pressure.  Thus, a R&D 
plan has been prepared to test a DGS by stages.  In the first stage, a commercial DGS will be 
tested under conditions similar to those of the GT-MHR TC operation.  A DGS from EKK of 
Japan has been selected as the commercial design to be tested and has been purchased by 
OKBM.  Figure 3.6-6 illustrates the EKK DGS design.  In the second stage, a pilot-scale DGS 
similar to the design shown in Figure 3.6-7 will be tested. 
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Figure 3.6-4.  Turbocompressor (dimensions shown in millimeters) 
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1 – labyrinth seal;  2 – working cavity;  3 – conic brush seal; 

4 – intermediate cavity;  5 – casing;  6 – honeycomb insert; 

7 – removable bushing;  8 – rotor shaft

Figure 3.6-5.   Buffer Seal Layout 
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 Working fluid:                          helium
Working fluid re ure:            

  imum em er ure
of orking fluid:                       
 Locking fluid:     helium
Locking fluid
 pressure:                 2.3  MPa

  Maximum temperature
of locking fluid:                       180 °

  Shaft rotation speed:          270...6600 rpm
  Shaft diameter:                         230 mm
 Allowable axial
 rotor displacement: ±3 mm
Locking helium leak
into atmosphere:                      5  nm  /h
Maximum lifetime:            24000...32000 h

21

circuit gas 

atmosphere
locking gas 

Gas seal of EKK Company (Japan)

4

3

5 3

  1 - casing
  2 - flange
  3 - rotation unit
  4 - immovable unit
  5 - nut

                                    
Figure 3.6-6.  Commercial Dry Gas Seal Design 

Figure 3.6-7.  Example of a Pilot-scale Dry Gas Seal 
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Electromagnetic Bearings Support System Design.  The TC rotor and generator are 
connected by a flexible diaphragm coupling, which allows for separation of the TM EMB support 
system into two systems: one system for the TC rotor and another system for the generator 
rotor.  The TC and generator EMB support systems consist of two radial and one axial EMB, 
catcher bearings for each of these EMBs, and an EMB control system (EMB CS).  The CBs, 
which take the rotor load during TM mounting/dismounting and long-term outage, EMB failure, 
and external impacts exceeding EMB load-bearing capacity, are provided as a part of the EMB 
support system. 

3.6.1.1.2 Recuperator 

The recuperator is a gas-to-gas modular heat exchanger.  It consists of twenty vertical modules, 
half arranged above and half below the hot gas duct (HGD).  Each recuperator module contains 
approximately 200 individual heat transfer elements that are based upon a plate-type heat 
exchange surface design.  The recuperator layout and design is shown in Figures 3.6-8 and 3.6-
9, respectively. 

3.6.1.1.3 Precooler, Intercooler, and Generator Gas Cooler Design 

The precooler, intercooler and generator gas cooler are shell-and-tube heat exchangers with 
helium on the shell side and water on the tube side.  Reduced bending radius coils were 
selected as heat exchange surface.  The precooler and intercooler layout are shown in Figure 
3.6-10.

3.6.1.1.4 Power Conversion Unit In-Vessel Metalwork (IVM) Design 

The PCS IVM forms the PCS helium circulation path, limits inter-circuit leaks, limits heat 
exchange between helium flows with different temperatures, and ensures components are 
fastened to the PCS vessel.  The PCS IVM consists of component supports, gas ducts, thermal 
expansion compensators, and a mixer.  The mixer is designed to mix helium at the turbine 
exhaust with helium from the HPC outlet when a portion of the helium flow is bypassed in power 
control modes and when protecting the turbine against acceleration.  A particularly important 
IVM component is the recuperator support structure, which fulfils several key functions: 

• Supports the recuperator modules 
• Supports the PCS hot duct and provides the structural and sealing interfaces between the 

hot duct and turbine inlet scroll 
• Interfaces with the turbine exhaust duct via two stator seals 
• Distributes helium exhaust from the turbine to the low pressure sides of the recuperator 

modules
 • Collects the preheated helium from the high pressure side of the recuperator modules and 

routes it to the annular gap between the PCS cross vessel for return to the reactor 
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Figure 3.6-8.  Recuperator Layout 

Figure 3.6-9.   Recuperator Design (based on plate-type heat exchanger) 
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Figure 3.6-10.  Precooler and Intercooler Layout 

3.6.1.2 PCS Operation Conditions 

The PCS operating conditions depend upon its operating mode, which may include any of the 
following:

• Reactor plant startup 
• Operation in electricity generation only mode at any steady-state power level within control 

range
 Operation in NGNP cogeneration mode (see Section 3.10) during which ~90% of the 
reactor outlet helium flow is transferred from the reactor to the PCS 

• Load release and house load maintenance 
• Reactor plant shutdown 
• Maintenance of temperatures within specified conditions during reactor shutdown, 

including refueling 

To vary the power, helium is supplied or removed from the primary circuit to increase (or 
decrease) the mass flow rate while maintaining constant volumetric flow rate into the turbine 
and the same efficiency of thermal-to-electric power conversion.  If a quick power decrease is 
needed, the TM bypass control valve is used where helium flows from the HPC outlet to turbine 
outlet via the bypass valve system and mixer. 
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3.6.1.3 Removal and Replacement of PCS Components 

3.6.1.3.1 TC Removal and Replacement 

TC replacement is performed when the assigned lifetime has been reached and/or in case of 
failure.  The procedure for TC replacement is as follows: 

a. Before removal of the TC from the PCS, the TC repair seal is closed and the helium 
replaced with air in the generator cavity.  

b. The hatch covers in the generator cavity are removed to provide access to the inner 
cavity.

c. The electric buses are disconnected from the generator, exciter, and instrumentation. 
d. The power supply leads to the EMBs are removed. 
e. The generator cavity cooling water supply and discharge lines are disconnected.  Helium 

supply lines to the repair and buffer seals are disconnected. 
f. The generator cavity vessel section is removed as illustrated in Figure 3.6-11 and 

transported to a temporary storage. 
g. The generator is disconnected by unfastening the rotor from the stator and 

disconnecting the diaphragm coupling 
h. The generator is removed as shown in Figure 3.6-12 and transported to temporary 

storage.
i. The TC connection to the PCS support is disassembled and the TC handling tool is 

installed.
j. A transport container and gate valve assembly are installed, the gates are opened, and 

air is replaced with helium in the unified cavity of the transport container and gate valve 
assembly. 

k. The TC is hoisted into the container by a special machine as shown in Figure 3.6-13, the 
container gates are closed, and the TC is transported to the TC maintenance area. 

A replacement TC is installed and the generator is re-installed by reversing the above 
sequence.
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Figure 3.6-11.  PCS Casing Generator Section Dismounting 
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Figure 3.6-12.  Generator Dismounting 
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Figure 3.6-13.  TC Transport in Special Container 
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3.6.1.3.2 Recuperator Removal and Replacement 

Although the recuperator is designed for the life of the plant, removal of the recuperator would 
be necessary if its modules started to leak.  Such a replacement can be accomplished through 
the use of remotely controlled devices because the recuperator modules are expected to be 
highly radioactive.  Prior to replacement of recuperator modules, the generator and TC would be 
removed from the PCS vessel as described in Section 3.6.3.1. 

Once the TC is removed, the mixer upper shell needs to be removed.  This is done by a special 
container with gate valve as illustrated in Figure 3.6-14.  The mixer shell can then be 
dismounted.  The removed shell is transported in a special container to temporary storage.  
Before removing recuperator modules, it is also necessary to dismount IVM shells.  These IVM 
shells are dismounted in the same manner as the mixer shell. 

The actual removal of recuperator modules proceeds as follows: 

a. A special container with gate valve is placed onto the connecting gate casing as 
illustrated in Figure 3.6-15. 

b. Cutting the welded joints of the installation insert half shells followed by retraction of the 
installation insert half shells into the special container. 

c. Cutting the weld joint between the recuperator module manifold nozzle and high-
pressure pipe. 

d. Cutting the weld joint between the recuperator module header nozzle and recuperator 
support.

e. Engaging the container gripping device and recuperator module. 
f. Retracting the recuperator module into the container followed by closing the gate valve. 

g. Transporting the recuperator module in the special container to temporary storage as 
illustrated in Figure 3.6-16. 

A replacement recuperator module is mounted in the reverse order. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

 3-116 

Figure 3.6-14.  Placement of Container with Gate on Gate Casing 
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Figure 3.6-15.  Placement of Container on Gate Casing 
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Figure 3.6-16.  Transportation of Recuperator Module in Container 
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3.6.2 Rolls-Royce Assessment of GA/OKBM Design 

As part of the NGNP preconceptual design engineering studies, Rolls-Royce was tasked to 
perform a technical assessment of the OKBM design described in Section 3.6.1.  The 
assessment and conclusions as presented by Rolls-Royce in [Rolls-Royce 2007] are 
summarized below.  [Rolls-Royce 2007] provides detailed information concerning the scope, 
methodology, and results of the technical assessment. 

3.6.2.1 Performance Cycle 

The GT-MHR power conversion cycle is an intercooled and recuperated closed Brayton cycle 
with helium as the working fluid.  The minimum helium pressure in the cycle is 25 times 
atmospheric, giving a proportionate increase in power density.  The overall pressure ratio of the 
cycle is around 2.8, which is very low compared to conventional air breathing gas turbine 
engines.  The cycle is efficient, offering net electrical efficiency approaching 50% and is 
sufficiently compact that all major components can be contained within a single pressure vessel.  
Figure 3.6-17 shows a diagram of the cycle. 

Figure 3.6-17.  GT-MHR Cycle 

Helium as a working fluid has many advantages.  It does not become radiologically active and is 
chemically inert.  It also has excellent heat transfer properties making it an effective reactor 
coolant and allowing the heat exchangers in the cycle to be efficient and compact.  One 
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disadvantage is that to achieve a given pressure ratio across a compressor or turbine requires 
many more stages than an air breathing engine. 

A performance analysis model of the GT-MHR cycle was built in the commercial code 
‘Thermoflex 16’.  This model readily recreated all parameters quoted in the various GA and 
OKBM references.  It was concluded that the performance assumptions for the various 
components in the cycle were reasonable and that the quoted cycle efficiency of 48% is 
realistic. 

The model was used to explore the sensitivity of the cycle to overall pressure ratio and reactor 
outlet temperature.  The current GT-MHR cycle is designed so the reactor inlet temperature is 
490°C, to reduce the operating temperature of the reactor pressure vessel.  This was done by 
choosing a pressure ratio of around 2.8.  It was found that this requirement has compromised 
the cycle, since at a reactor outlet temperature of 850°C peak efficiency occurs at a pressure 
ratio of ~2.35.  It should also be noted that the higher pressure ratio requires more TC stages, 
thus adding to the weight and cost of the shaft. 

If reactor outlet temperature could be increased to 950°C (and reactor inlet temperature allowed 
to rise to 590°C as a result of a reactor redesign), the cycle could operate very close to the 
optimum pressure ratio of ~2.4.  The number of TM stages would be lower and electrical 
efficiency would rise to around 51.5%.  However, at 950°C reactor outlet temperature, the first 
few stages of turbine blades would need to be cooled. 

The key areas of uncertainty where more work is required are off-design and transient 
performance.  The limited off-design work done so far has highlighted issues with the 
performance of the cycle at ‘hot day’ and reduced reactor outlet temperature conditions.  It 
would be of interest to do more studies at various off-design conditions to understand whether 
this behavior has other implications. 

Transient modeling is also required.  It is expected that normal maneuvers will be relatively 
benign due to the slow rates at which they occur.  However, the performance of the cycle under 
fault and accident conditions will be very important for the preparation of safety cases for the 
nuclear plant.  Of particular interest is the loss of grid event and the management of it using 
bypass flow. 

3.6.2.2 Compressor Aero/Mechanical Design 

3.6.2.2.1 Aerodynamics 

There are two compressors in the GT-MHR reference concept, a low pressure 10 stage 
machine blowing 1.69 pressure ratio and a high pressure 13 stage machine also blowing 1.69 
pressure ratio.  These compressors have been analyzed with the Rolls-Royce’s preliminary 
aerodynamic design tools (modified to incorporate helium as the working fluid) and claimed 
efficiencies appear sensible.  No major issues with aerodynamically designing for helium 
operation are envisaged at this stage.  Rolls-Royce has designed compressors in this low Mach 
number design space before (albeit for air as the working fluid). 

Predicted polytropic efficiencies for these compressors are 91.9% and 91.1% for LP and HP 
respectively.  The surge margins for the compressors are also predicted to be acceptable.  With 
the pressure ratio split between the compressors altered very slightly to 1.6 (for LP) and 1.8 (for 
HP) the predicted achievable surge margins are 20% for both compressors.  Until the transient 
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requirements for these components are better understood, this seems a sensible level of surge 
margin to have at the design point in the pre-concept design phase.   

Aerodynamic test validation for these compressors in the helium environment looks difficult, but 
two possible ways round this could be: 

• Aerodynamically design cautiously, so that the risk of inadequate performance is small. 
• Fit instrumentation in the first TM module so that aerodynamic design can be developed 

for subsequent modules. 

In summary, the compressors in the GT-MHR design are seen aerodynamically as low risk.  No 
major concerns have been identified at this stage. 

3.6.2.2.2 Mechanical Design 

Comparisons have been made between the GT-MHR compressors and an existing civil 
aero/industrial engine produced by Rolls-Royce.  Discs from this Rolls-Royce engine were 
scaled on radius and rotational speed and compared with the disc profiles seen in the PCS 
general view.  Rim loads using blade masses deduced from the Rolls-Royce aero model of the 
GT-MHR were also considered in the comparison.  Based on this comparison, the disc 
assembly is within Rolls-Royce experience and does not present any particular mechanical 
concerns.

In comparison to the Rolls-Royce engine, the GT-MHR arrangement is of generous proportions.  
There is considerable scope for weight reduction and therefore alleviation of the duty 
requirements for the magnetic bearing, catcher bearing and its support structure.  Moving to an 
electron beam welded titanium assembly will significantly reduce the weight of the discs 
removing the need for extra disc material around the tie bolt holes.  Additionally the use of 
bladed discs (blisks) could save an extra 20% of weight relative to a bladed, welded disc.  On 
aero engines a disadvantage of blisks is that foreign object damage to blades can cause the 
whole blisk to be replaced even though only one blade is damaged.  On the GT-MHR, there 
should be no sources of foreign object damage making blisks particularly well suited to this 
application. 

Containment of blades and discs needs careful consideration, particularly on the HPC due to its 
proximity to the hot gas duct into the reactor.  Further analysis is needed to ensure that all the 
risks are adequately mitigated. 

It is assumed that the stator casings are made of steel and split to allow them to be closed 
around an already assembled, balanced rotor.  The casings should present no major problems- 
they can be much more substantial than those typical for aero engines, because casing weight 
is not an issue for the GT-MHR concept.  This will allow a good stiff structure that stays circular, 
giving the best achievable rotor tip clearances.  The rotor tip clearances will require careful 
management especially allowing for catcher bearing deployments.  Very preliminary calculations 
indicate that the rotor and casings could be built to provide a hot running tip clearance of around 
1.5mm which is equivalent to about 1.5% rms (root mean square) tip clearance/height ratio.  
The aim would be that the rotor tips never rub on the casings.  This would normally be 
considered an acceptable level of tip clearance at the pre-concept stage.  Some extra allowance 
would have to be made for the rotor to survive a catcher bearing deployment without 
experiencing tip rubs.  This needs further study; to understand how much bearing wear would 
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be expected during one of these deployments.  Alternatively, tighter clearances may be possible 
if abradable material were incorporated into the casings and some rubbing were allowed. 

In summary, no major issues are seen for the compressors.  The key risks are as follows: 

• Maintaining acceptable radial clearances (especially following on from a catcher bearing 
deployment). 

• Understanding the effect the high pressure helium environment has on compressor 
materials, particularly titanium. 

• Issues with contamination.  First, the contamination of the helium cycle with compressor 
released materials such as abradable materials in the tip and hub seals and dry film 
lubricants commonly used in blade roots.  Second, the contamination of the compressor 
with radioactive substances – silver in particular can have a detrimental effect on 
titanium.

3.6.2.3 Turbine Aero/Mechanical Design 

3.6.2.3.1 Aerodynamics 

One notable feature of the OKBM design is the constant blade height (constant inner and outer 
hade lines).  A design of this type does not represent optimum aerodynamic performance and 
Rolls-Royce considers it an unusual choice.  Rolls-Royce is not aware of the reason for this 
feature, but supposes that there is a perceived advantage in assembly, manufacturing or cost.  
The implications of this design choice have been assessed below. 

The following conclusions have been made based on an initial view of the turbine as a whole. 

1) There are nine turbine stages, with an overall mean stage loading of 1.763.  This 
indicates that the turbine is roughly the correct size and has the correct number of 
stages.  Indeed this stage loading may be considered to be conservative – seven or 
eight stages may be sufficient. 

2) The first stage inlet Mach number is very low (0.067) and the last stage exit axial Mach 
number is quite low (0.264).  This is a consequence of the material properties of helium 
and suggests that high efficiency should be possible. 

3) The first stage flow coefficient is 0.387 and the last stage flow coefficient is 0.704.  
These numbers are both feasible (if low) for a helium turbine.  However, the difference 
between the numbers suggests that the aerodynamic design has been compromised to 
fit the constant hade lines of the turbine.  In other words, as the cross-sectional area of 
the turbine is fixed the helium is accelerating as it expands. 

4) Nozzle guide vane and rotor Reynolds numbers are high (~1x106).  This is outside 
normal gas turbine experience but does not cause particular challenges. 

Overall, therefore, the initial overview seems reasonable.  However, the stage-by-stage design 
process has identified a number of areas of concern. 

As the details of the OKBM design were not known, several styles of turbine design were 
considered, of which the key two were a 50% reaction design and an axial design.  The 
conclusions of this detailed design exercise are summarized below: 

1) The blade count will be very high.  For the 50% reaction design 147 rotor blades are 
required on the fourth stage.  For the axial design this rises to 294.  The high blade count 
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increases part count and cost significantly.  In addition the packaging of the blade roots 
is likely to be very difficult. 

2) The blade stress is likely to be very high and material selection for the blades very 
difficult. 

3) The rotor turning angles are low (<83 degrees), which is likely to lead to flat, thin rotors.  
This may result in low stiffness blades with unsuitable dynamic response, which would 
be compounded by the requirement to carry a shroud.

4) Despite the concerns highlighted above a polytropic efficiency of 93% should be possible 
from this design if modern aerodynamic blading design is used. 

The analysis has produced a good understanding of the important features of the design and 
this allows us to make recommendations for how the OKBM design may be improved. 

1) The number of stages should be reduced to around 7.  This increases the stage loading 
of the remaining stages, which improves the blade shape. 

2) The axial chord of each stage should be increased to fill the axial gap created by 
removing stages.  This reduces part count and improves the blade root and disk rim 
design.

3) A curved inner and outer hade line should be introduced to match the expansion of the 
helium through the turbine.  This allows the optimum flow coefficient to be selected for 
each stage. 

To illustrate these points a concept aerodynamic design has been generated that meets the 
aerodynamic requirements for the GT-MHR and fits within the existing design layout with 
minimal changes.  This design is shown in Figure 3.6-18 (blue superimposed on OKBM design). 

Figure 3.6-18.  Proposed New 7 Stage Turbine for GTMHR 
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Aerodynamically, the risks of the turbine not working are considered small.  There is a low to 
medium risk that the target efficiencies would not be achieved because the majority of 
aerodynamic experience concerns air as the working fluid rather than helium, and the design 
tools are built on that basis.  Access to some helium turbine test data would mitigate this risk. 

3.6.2.3.2 Mechanical design 

The GT-MHR reference design has a 9 stage turbine operating at 850°C on a constant hubline.  
This design has been assessed mechanically, based on the assumed aerodynamic design 
discussed above.  The conclusion is that the design solution is possible with refinement. 

Creep life is considered to be the life limiting factor in the design.  Figure 3.6-19 shows the 
relationship between limiting stress and temperature for typical disk and blade materials to 
achieve 60 000hrs creep life.  The materials shown are typically those used in high pressure 
turbines in modern aero engines and in the power generation sector.  Conclusions to be drawn 
from this are that to achieve 60 000 hours life with an entry temperature of 850°C, the disks 
certainly need to be cooled.  HPC delivery gas requirement approx 0.4%/stage for this design 
layout and all stages of disk would be cooled.  With refinement of the design, uncooled blades 
should achieve the required creep life, but the design may have to be shroudless for this to be 
possible – further work is needed to resolve this.  The study has concluded that 850°C is at the 
extreme limit of acceptability for an uncooled turbine blade solution to satisfy a creep life 
requirement of 60 000 hours. 

Figure 3.6-19.  Creep Characteristics Against Temperature 

RCY CMSX4 Blade 
M t i l

QFP INCO718 Disc 
M t i l

RCZ Waspalloy Disc 
M t i l
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For operation at up to 950°C blade cooling and/or thermal barrier coatings will certainly be 
required because the limiting stress values decrease so much in going from 850°C to 950°C.  It 
should be possible to design cooling for the turbine blades, but some design methods 
development will be required to account for the very high heat transfer rates in helium as 
compared to air.  Development work will also be required to see whether aero-engine derived 
thermal barrier coatings are suitable for the helium environment. 

Potential for weight reduction compared with the reference design exists by refining the design.  
This has to consider the optimized turbine solution in terms of speed, stages and blade count 
against material choice, blade profile, material selection and the benefits and practicality of 
hollow blade design. 

Un-shrouded blades have considerable weight advantage, but require more conceptual design 
to achieve the required performance characteristics with tip clearance, turbine movement and 
control of the helium working gas. 

There are several material/contamination related risks identified with the turbine.  These are as 
follows:

1) Impact of radioactive contamination plate-out on the turbine materials causing brittleness 
and corrosion.  Silver plate-out and its impact on crystal boundaries is a particular worry.  
Mitigation may be through coatings - this has to be assessed further. 

2) Impact of high pressure helium causing brittleness.  Mitigation may be through coatings.  
(This has to be assessed further.) 

3) Process for GT removal and turbine repair and overhaul accounting for radioactive 
condition.

4) Management of radioactive materials, including the GT, repaired/removed turbine 
components, scrapped items, tooling etc. 

3.6.2.4 Electrical Generator 

In the GT-MHR design, the TM generator rotates at a speed of 4400 rpm to match the 
mechanical characteristics of the turbine.  The proposed generator is a two-pole synchronous 
generator with brushless excitation.  The rotor will carry a DC winding embedded in slots in the 
generator rotor.  The DC winding will be supplied by a brushless excitation system comprising 
an AC exciter generator and a rotating rectifier both on the same shaft as the generator rotor. 

It should be possible to make this design of electrical generator for an NGNP plant by 2018, and 
the OKBM TDP target efficiency of the generator of 97.7% should be achievable.  

The electrical generator is a comparatively low risk item compared to other components in the 
GT-MHR reactor.  Essentially, the generator is a development of existing generator technology, 
even allowing for the relative novelty of high speed operation and operation in a high-pressure 
and high-temperature helium environment with the possibility of radioactive contamination.  The 
risks therefore may be divided into two main types: risks due to the helium environment and risk 
due to high speed operation. 
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The main risk due to the high-pressure, high-temperature helium environment is windage losses 
which are calculated to be around 0.22% of the output of the generator depending on the final 
design.  This will affect the overall efficiency of the plant. 

Radioactive contamination and high temperatures will be managed by enclosing the generator 
in a separate compartment at a pressure slightly above the rest of the PCU and with cooling to 
avoid subjecting the generator to undue temperatures. 

The main risk associated with high speed operation is centrifugal forces exerted on the rotor.  
These forces are believed to be manageable and it should be possible to build a synchronous 
generator to operate at these speeds.  If this is not possible, alternative generator designs that 
have a simpler rotor may be used instead. 

Another risk is the static frequency converter necessary to convert the generator output to the 
50 or 60 Hz utility system that the GT-MHR will supply.  This risk is judged to be small as the 
static converter would be a modest development of existing HVDC utility converters. 

3.6.2.5 Heat Exchangers 

The water-cooled precooler and intercooler in the GT-MHR reference design are considered 
straightforward and low risk.  For these reasons, they have not been considered in any great 
detail.

The recuperator, however, is a challenging and expensive component.  A thermal model of the 
GT-MHR reference recuperator design (Figure 3.6-20) was constructed to estimate its 
performance.  The model shows that the proposed GT-MHR recuperator has been correctly 
designed to achieve both the required thermal and hydraulic performance targets (heat transfer 
and losses) that were set out in the project specifications.  The main uncertainty with the GT-
MHR design with respect to thermal performance is how non-uniform the helium flows are, both 
globally for each module and locally within each element.  However, having flow restrictors in 
the flow paths does introduce additional parasitic pressure losses and optimizing the fins in the 
elements to distribute the flow evenly in the heat transfer matrix can mitigate the non-uniform 
flow distribution uncertainty.  The proposed OKBM design should work as intended.  However, 
the OKBM recuperator design requires an estimated 50 km of welds in the heat transfer 
elements alone and will likely be difficult and expensive to manufacture. 

There are alternatives to the GT-MHR recuperator design that could potentially offer a more 
compact and lower weight solution to the current proposed design whilst achieving the same 
hydraulic losses, such as a fusion-bonded cross-corrugated plate heat exchanger design.  One 
such alternative is shown in Figure 3.6-21.  This alternative is based upon a design produced by 
Alfa Laval, and utilizes the experience gained from a Rolls-Royce-funded research program at 
Oxford University.  The volume of the cross-corrugated recuperator is about half of the volume 
of the GT-MHR plate and fin design and the weight is about ¼ of the weight of the GT-MHR 
design.  Moreover, the cross-corrugated style of recuperator could also be a cheaper option as 
the design does not incorporate welding and requires less material.  However, this design of 
recuperator is not yet off-the-shelf technology on this scale, but it could be developed without 
stretching the current design technology too much.  The estimated cost for this alternative 
design of recuperator is around $12M. 
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Figure 3.6-20.  GT-MHR Recuperator Elements 

Figure 3.6-21.   Cross-Corrugated Heat Exchanger 

Although the temperatures experienced in the recuperator are not too challenging (and don’t 
require special high temperature capable materials), the pressure differences between the two 
sides are quite large.  Making a delicate structure to survive a 60-year lifetime in this 
environment is very challenging.  Both the OKBM reference design and the alternative cross-
corrugated design should be considered to have a high risk of not achieving the required life. 
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3.6.2.5 EM bearings and catcher bearings 

In the GT-MHR concept, there are 2 axial EM bearings, one on either side of the flexible 
coupling, and 4 sets of radial bearings, i.e. on either side of the generator and either side of the 
TM.  The EM bearings are theoretically feasible and the technology is scaleable.  Furthermore, 
physically, the bearings will fit into the available space. 

The GT-MHR design requires support of 35 tons for the generator rotor and 32 tons for the TM 
rotor.  EM bearings are good at supporting static loads.  Problems arise with dynamic load 
capability since the frequency response could be as low as a couple of hertz i.e. performance in 
a seismic environment could be compromised.  Thus, transient load forces are important.  Also 
the stiffness in the bearing must be controllable to allow the rotating assembly to get through 4 
resonant frequencies during the start-up sequence.  Although there are EM bearings in use 
supporting these kinds of rotor shaft weight, none runs at as high a speed as 4400rpm – the EM 
bearing requirements are therefore outside current world experience.  For these reasons, the 
risks in the EM bearings are considered to be high. 

Discussions with the world’s leading suppliers of EM bearings gave a general consensus that, 
although the GT-MHR bearing requirements were outside current experience, they were not 
outside what was considered possible for the technology. 

In terms of catcher bearings, the GT-MHR requirements are just about achievable.  It is 
understood that around 5 deployments of the catcher bearings would be required before 
replacement of the catcher bearing parts, for the GT-MHR concept to be viable.  Catcher 
bearing designs to meet these requirements are considered possible, but high risk. 

3.6.3 Rolls-Royce Evaluation of Alternate PCS Designs 

OKBM, in collaboration with GA and ORNL, is conducting a comprehensive technology 
demonstration program under the U.S./RUSSIAN International GT-MHR Program to qualify the 
OKBM PCS design, which GA considers to be the reference design for the NGNP at this time.  
GA believes that this PCS technology demonstration program has a high probability of 
establishing the viability of the design before the end of NGNP preliminary design.  
Nevertheless, the GA Team believes that it would be prudent to develop an alternate backup 
PCS design to mitigate the risk associated with development and demonstration of the OKBM 
design.  Accordingly, Rolls-Royce was also tasked as part of the NGNP preconceptual design 
engineering studies to explore options for and recommend a potential alternate direct cycle 
design for the NGNP.  The results of this evaluation are summarized below.  [Rolls-Royce 2007] 
provides detailed information concerning the scope and results of the evaluation. 

3.6.3.1 Alternative Layout Designs and Configurations 

Several alternative configurations were evaluated as part of the alternate cycle study.  These 
options are summarized below. 

3.6.3.1.1 Twin Shaft - in Parallel 

It is possible to reduce rotor weight by dividing the power into multiple units i.e. gas turbines in 
parallel.  However the helium flow through each compressor will be difficult to predict and 
control because one shaft may have a slightly better turbine and worse compressor which could 
lead to gross power imbalances between the shafts.  Compressors operating in parallel are 
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notoriously unstable as it is extremely unlikely that their performance characteristics will match 
at all operating conditions.  This option was therefore been rejected. 

3.6.3.1.2 Twin Shaft - in Series 

Another arrangement considered was having two shafts in series.  This would prevent the 
control issue of the twin parallel shafts arrangement.  The design chosen was to have a high 
pressure turbine and low pressure turbine in series within a single PCS vessel of current size.  
This looks feasible and with shorter shafts and half-sized generators it would reduce bearing 
loads and shaft dynamics issues.  When looked at in more detail, however, the complexity of the 
interconnecting pipework makes this option look very difficult to design and maintain.  Figure 
3.6-22 gives an indication of how complicated the installation in one pressure vessel would be.  
This option was rejected as a result. 

Figure 3.6-22.  Twin Shaft - Gas Flows To/From Turbomachinery 

3.6.3.1.3 Free Power Turbine option 

The use of a free power turbine in single vessel or in two vessels had two aims: lower bearing 
load and retention of synchronous generation (to save cost in the power electronics). 

The two rotors would each have relatively low weight.  The gas generator would be compact 
and could be mounted horizontally.  The power turbine would need to be pressure balanced.  
The most convenient way to achieve this would be a double-ended turbine design in which hot 
helium enters near in the middle then flows out in both directions along the shaft.  Clearly this 
doubles the number of turbine stages and doubles component costs.  Also a separate starter 
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motor would be required because there is no direct connection between the generator and 
compressor – this would add extra cost and complexity. 
In the layouts considered so far there appears to be the need for at least two magnetic bearings 
to operate in a high temperature environment. 

This option was judged to be unattractive. 

3.6.3.2 Performance Cycles 

A number of alternative cycles to the GT-MHR cycle were considered and modeled. 
As expected, a simple (non-recuperated) cycle was found to be very poor.  The cycle efficiency 
was in the low 30%s and even this could only be achieved with a pressure ratio exceeding 10 
(which would require a very large number of compressor stages).  This cycle was not pursued 
further.

A reheated cycle was considered where the partially expanded helium was returned to the 
reactor before returning to a second turbine.  It was found that the cycle efficiency improved by 
a couple of percentage points.  However, the addition of heat part way through the expansion 
greatly increases turbine outlet temperature and hence (following heat transfer across the 
recuperator) greatly increases reactor inlet temperature.  Given also that reheat would require a 
redesign of the reactor, this cycle was not considered further. 

A double intercooled cycle was considered and it was found that the cycle efficiency improved 
by around 1 percentage point.  However, introducing an extra intercooler would require an extra 
compressor with associated offtakes and returns (and a lengthened shaft), and the recuperator 
would need to be larger to transfer more heat.  It was considered that these disadvantages 
would outweigh the relatively small improvement in cycle efficiency. 

3.6.3.3 Proposed Alternate PCS Design for NGNP 

Rolls-Royce looked at several alternate PCS concepts that mitigate some of the key risks with 
respect to the reference OKBM PCS design as identified in Section 3.6.2.  The most promising 
alternative concept appears to be a direct combined cycle.  This has been worked up to a pre-
concept level to understand feasibility and make comparisons with the reference cycle.  The 
conclusion of this work is that the combined cycle option looks feasible and may be slightly 
more efficient than the reference cycle.  Its costs should be similar and the concept goes some 
way to mitigate the key risks identified with the reference design. 

3.6.3.3.1 Performance Cycle 

In combined cycle there is no precooler, intercooler or recuperator.  Downstream of the turbine 
the helium is passed into a steam generator, which raises steam to be expanded in a 
conventional steam turbine located on a separate shaft and with its own generator.  The gas 
turbine is retained in the primary reactor coolant circuit where it performs three functions: 

• To act as a coolant ‘circulator’ to drive the helium through the reactor. 
• To extract mechanical work and produce some fraction of the whole cycle electrical output. 
• To reduce the temperature of the helium gas stream to levels that can be tolerated in the 

steam generator. 

The combined cycle is shown diagrammatically in Figure 3.6-23. 
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Figure 3.6-23.  Combined Cycle Alternative Proposed by Rolls-Royce 

Although much simplified, the gas turbine topping cycle retains many common features with the 
GT-MHR design.  The helium pressure at the reactor is unchanged and the helium mass flow 
falls by around 12% only.  The control strategy of the gas turbine is also essentially unchanged.  
Starting will be facilitated by importing power from the generator/motor and a bypass valve will 
be provided between compressor delivery and steam generator inlet.  This bypass will again be 
used to provide short timescale control with helium inventory used to vary power over the longer 
term.

The efficiency of a combined cycle is maximized when the steam turbine inlet temperature is 
maximized.  Metallurgical considerations limit steam temperatures to between 550°C and 
600°C.  At these conditions, the bottoming cycle has notable similarities to the steam cycles 
employed in UK nuclear plant, in particular the Advanced Gas Reactor (AGR) stations.  In these 
stations, the reactors are cooled by carbon dioxide at 40 bar, which is passed through steam 
generators to raise steam.  The steam at turbine inlet is at 170 bar and 540°C.  After expansion 
to 40 bar the steam is reheated in the steam generator to improve the power density of the cycle 
and improve the quality of the steam at the exhaust.  Because of the relatively high steam 
temperatures, the thermal efficiency of AGR power stations is high for nuclear plant.  Values of 
42% are typically quoted. 
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The similarities to AGR plant lend credibility to the choice of a combined cycle because of the 
generally successful performance of this plant over the last 30 years.  Most importantly, it 
demonstrates that transferring heat from a pressurized coolant gas to a steam cycle in a nuclear 
environment, and operating such plant commercially, is readily achievable. 

In the combined cycle proposed by Rolls-Royce, the bottoming steam cycle is very similar to the 
AGR steam cycle.  The only significant change is that the superheater and reheater outlet 
temperatures have been increased to 580°C to take advantage of advances in steam turbine 
technology and the superior heat transfer performance of helium. 

When modeling the combined cycle, great care has been taken to make component 
performance assumptions of similar optimism/pessimism to those assumed in the modeling of 
the GT-MHR cycle so that neither of the cycles is favored. 

At 850°C reactor outlet temperature the net electrical efficiency of the proposed combined cycle 
is a little over 50%, around 2 percentage points higher than the GT-MHR cycle.  At 600 MWt 
reactor power, only 66 MW of electrical power is developed on the gas turbine shaft, the 
remaining 243 MW is developed by the steam cycle.  The overall pressure ratio of the gas 
turbine cycle is only 1.9.  The following features of the proposed combined cycle are worthy of 
note:

• The helium temperature at compressor inlet is 256°C whilst the comparable temperature 
for the GT-MHR cycle is just 26°C.  The compressor inlet temperature is the temperature 
at which the active magnetic bearings at the bottom of the shaft will operate, with potential 
implications for reliability and life.  Also, from a thermodynamic point of view the increased 
temperature at compressor inlet appears inelegant due to the extra work required to 
perform the compression.  However, sensitivity studies have shown that feedheating the 
steam cycle (and in consequence raising the compressor inlet temperature) is, overall, 
beneficial for cycle efficiency.  Furthermore reactor inlet temperature must not be too low 
in order that the mass flow and heat transfer in the reactor are sufficient to keep fuel 
temperatures down to an acceptable level.  Given the relatively low gas turbine pressure 
ratio the compressor inlet temperature must be relatively high to achieve an acceptable 
temperature at reactor inlet.  The reactor inlet temperature, at 437°C, is ~50°C lower than 
for the GT-MHR cycle but is comfortably above the 400°C minimum. 

• The small proportion of power developed on the gas turbine shaft has three main 
advantages.  First, the generator on the GT shaft will be much smaller and lighter reducing 
the weight of the shaft.  Second, the steam turbine will run at synchronous speed and 
therefore only 66 MW of power will need to be frequency converted by power electronics.  
This reduces the cost of the power electronics installation and also the inherent power 
losses.  The third advantage is that the torque transmitted on the GT shaft is lower and 
hence the construction of the shaft can be less substantial and lighter. 

• Given that both the pressure ratio and the power output are lower it might be expected that 
the GT TM would be substantially smaller for the combined cycle than for the GT-MHR 
cycle.  However, because of the high temperature at compressor inlet the TM is only a 
little smaller; the reduction in size is nowhere near in proportion to the reduction of work 
done by the shaft. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

 3-133 

At 950°C reactor outlet temperature the GT pressure ratio would need to rise to 2.4 so that the 
steam generator inlet temperature would stay constant and the thermodynamics of the steam 
cycle would be unchanged from the cycle at 850°C.  In contrast to the GT-MHR cycle, where 
increasing the reactor outlet temperature reduces the cycle pressure ratio, the combined cycle 
at 950°C would require an increase in the number of compressor and turbine stages.  The 
electrical power generated on the GT and steam turbine shafts would be 87 MW and 227 MW 
respectively, and the net electrical efficiency is predicted to be 52.4% (around 1 percentage 
point higher than the GT-MHR cycle). 

It is expected that the combined cycle will have an advantage over the GT-MHR cycle at 
elevated ambient temperatures.  The GT-MHR reactor power has to fall on a hot day because 
GT mass flow cannot be increased, but reactor inlet temperature rises due to the reduced 
pressure ratio. 

For the combined cycle there will be no increase in reactor inlet temperature because the steam 
cycle offers extra control flexibility.  Both the steam mass flow and degree of steam feedheating 
can be controlled allowing the compressor inlet temperature to be held constant as ambient 
temperature varies.  The GT cycle will therefore be ‘unaware’ of the increased ambient 
temperature and therefore no reduction in reactor output power will be required.  Clearly, there 
will still be a loss of power output due to the loss of efficiency of the steam cycle as the back 
pressure on it rises.  However, the fact that the reactor output power can be held constant 
means that the loss of power will be far less than for the GT-MHR cycle. 

Similarly, the extra flexibility of control of the combined cycle means that it performs better when 
a cycle designed at 950°C reactor outlet temperature is operated at 850°C.  It is expected that 
this advantage will also be apparent in other off-design and part load operating scenarios. 

In common with the analysis of the GT-MHR cycle, the areas of uncertainty where more work is 
required are off-design and transient performance.  Although it is believed that the extra 
flexibility of control of the combined cycle should allow the performance off-design to be good, 
this remains to be proven.  Also, the starting and part load strategies for this cycle have yet to 
be defined.  Transient modeling of the cycle and, in particular, transient interactions between the 
steam and helium halves of the cycle, is of interest and should be explored further. 

Layout of combined cycle alternative configuration

The proposed PCS layout consists of two pressure vessels: one containing the GT and 
generator and another containing the steam generator.  The rest of the plant is considered to be 
low risk commercial off-the-shelf equipment and as such has not been analyzed in any detail at 
this stage.  Figure 3.6-24 shows the proposed PCS layout in two separate pressure vessels. 

In the proposed high efficiency combined cycle, the gas turbine inlet temperature is high.  This 
means the size of the TM is not significantly reduced even though the power output is less than 
one third of the previous design. 

The generator weight however is reduced in proportion with the power. 
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Figure 3.6-24.  Layout of Combined Cycle Alternative in 3 Pressure Vessels 

The vertically-oriented GT shaft is still preferred because this method leaves maximum 
capability to vary this stiffness, however the difficulty in creating a reliable catcher bearing 
solution should not be underestimated. 

Advantages of the combined cycle include: 

• Reduced EMB risk. 
-  Generator from ~35 tons to ~12 tons. 
-  TM from ~32 tons to 12 tons (due to shorter shaft). 

• Elimination of recuperator risk. 
• Commercial, off-the- shelf steam equipment (excluding steam generator).  Total 

equipment costs should be lower. 
• Flexibility to provide process steam instead of electricity from steam plant 

Disadvantages of combined cycle: 

• Increased equipment footprint, both inside reactor building and outside 
• Increased complexity (but mainly commercial off the shelf steam plant) 
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For the combined cycle option to progress further, there are many things requiring further study.  
These include the following: 

• Because there is no intercooler the number of times helium must be taken into and out of 
the TC is reduced.  It may be possible to reduce costs and simplify the sealing 
arrangement between turbine inlet and the hot gas duct. 

• Any helium leaking from the high pressure section of the gas turbine or exhaust will 
combine with flow entering the compressor and could cause hot streaks.  It may be 
beneficial to move the economizer section of the boiler close to the GT inlet to mitigate this 
issue.

• The extensive surfaces of gas turbine and steam generator outer casing and the inner 
surface of the pressure boundary will need to be insulated.  The integrity and reliability of 
the fixing system needs to be demonstrated due to the potential to damage the 
compressor caused by debris ingestion. 

• Power leads and instrumentation connections to the TC could be taken out to another 
interconnection at the bottom of the pressure vessel easing the problem of running such 
connections through the high pressure/temperature section.  However this may lead to 
issues where such leads pass through the pressure vessel. 

• The ambient temperature of the electromagnetic bearings may become an issue if suitable 
thermal insulation and cooling strategy cannot be adequately demonstrated.  The plate out 
of silver could also cause reliability issues for the EM bearing coils. 

3.6.3.3.2 Compressor Aero/Mechanical Design 

Aerodynamics

The aerodynamic issues for the combined cycle compressor are very similar to those for the 
reference design.  Only one compressor is required for the combined cycle requirement – no 
intercooling is required for this alternative.  A single 18 stage design blowing 1.93 pressure ratio 
has been analyzed with the Rolls-Royce preliminary design tools, and has been predicted to 
give 89.5% polytropic efficiency and 27% surge margin at the design point.  The design appears 
acceptable with no major aerodynamic risks. 

Some optimization work was carried out on this design, and it showed that increasing 
aerodynamic loading could be expected to increase efficiency (by around 0.8%).  The 
aerodynamic loading could be increased by reducing the compressor blade radius, reducing the 
blade and vane numbers, reducing the number of stages, or reducing shaft speed.  All these 
options would reduce rotor shaft weight and help reduce the risks associated with the EM 
bearings and catcher bearings.  Increasing the loading would reduce the design point surge 
margin (to around 20%) – but without a better understanding of the transient requirements of the 
system, we do not know what level of design point surge margin would be acceptable.  This 
should be an output of a follow on transient performance study in the next phase. 

Mechanical Design

The mechanical compressor issues for the proposed combined cycle alternative are very similar 
to those for the reference GT-MHR concept.  Only a single compressor (of 14 stages) is 
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required rather than two compressors with intercooling in between.  One difference is that the 
compressor inlet temperature is higher for the combined cycle (256°C).  Titanium will still have 
acceptable properties at these increased temperatures, but silver contamination in the helium 
cycle will have a more detrimental effect.  Silver reacts with Ti above 300ºC, causing corrosion 
and possible crack initiation sites that can be difficult to detect.  However the severity of 
corrosion is dependent upon the quantity of silver present and preliminary information suggests 
silver contamination levels are extremely low and are not considered to be sufficient to cause a 
problem.  Additionally, the small amount of silver that may be produced by the reactor has to 
progress a long way through the turbine and steam generator before it reaches the compressor 
and it is considered unlikely that it will travel so far. 

Figure 3.6-25 shows for a single stage, a comparison of reference GT-MHR design, Rolls-
Royce preliminary design for the GT-MHR cycle and Rolls-Royce preliminary design for the 
combined cycle alternatives.  Large weight reductions appear achievable for both cycles. 

              GT-MHR (OKBM)            GT-MHR (Rolls-Royce)      Rolls-Royce Combined Cycle 

Figure 3.6-25.  Comparison of Different Compressor Stage Designs 

3.6.3.3.3 Turbine Aero/Mechanical Design 

Aerodynamics

To assess the viability of a helium turbine for the combined cycle power conversion unit, a 
concept turbine has been designed.  The overall length of the turbine has been chosen to be the 
same as the OKBM design.  All other geometric parameters have been derived from 
aerodynamic and mechanical constraints. 

The design features 5 stages with a rising annulus line (similar to that proposed by Rolls-Royce 
for the GT-MHR).  Only five stages are required because of the reduced gas turbine work output 
required by the combined cycle. 
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Compared to the OKBM GT-MHR turbine, the combined cycle design is a similar overall size.  
However, the increased blade axial chord significantly reduces the blade count with a maximum 
of 67 blades in the final stage. 

The blade turning is around 107 degrees for each stage which results in a good blade shape 
which should present no problems from a vibration/dynamics standpoint.  However, this has 
resulted in blades that are individually heavy (1.59kg for the final blade), but the size and shape 
of the blading is such that it is suitable for hollow casting. 

The blade pitch/chord ratios attained are suitable aerodynamically and also allow for reasonable 
shroud and platform design. 

Mechanical Design

The 5 stage turbine defined above for the combined cycle concept has been looked at 
mechanically.  The reduced number of stages produces a design with fewer, larger blades that 
would be more robust and easier to provide with cooling, should this be required. 

Although this turbine design is required to rotate at 5000 rpm, the issues and risks are very 
similar to those for the datum design described earlier in this report.  Running at 5000 rpm 
makes the creep life of 60,000 hours harder to achieve with an uncooled blade solution at 
850°C.  For this to be possible, further refinement of the design would be required (such as 
increasing the number of stages or reducing the annulus radius).  There has not been time in 
this study to perform this refinement, but with care, a solution with an uncooled blade at 850°C 
should be possible.  In summary, the turbine for the combined cycle alternative presents the 
same level of mechanical risk as for the reference cycle. 

3.6.3.3.4 Electrical Generator 

The combined cycle concept requires a 66 MW helium turbine generator and a 243 MW steam 
turbine generator. 

This is a less risky design from an electrical point of view since it effectively transfers 220 MW of 
generation from the challenging helium atmosphere of the PSC to steam turbine generation.  
The steam plant is low-risk based on commercial off-the-shelf equipment and therefore has not 
been considered any further.  The speed of the combined cycle design has increased to 5000 
rpm, but the size of the generator will be much smaller because it is now only required to 
generate 66 MW.  Costs for the electrical generators are estimated to be $2.2M for the 66 MW 
helium turbine generator and $5M for the 243 MW steam powered synchronous generator. 

The windage losses in the proposed generator are estimated to be 0.15% of the generator 
output.  The percentage windage losses are less for this higher speed generator than for the 
4400 rpm generator (0.22%), as a result of its smaller diameter.  The performance risk 
presented by windage loses is therefore lower. 

The combined cycle concept would still need some power electronics for the 66 MW helium 
turbine generator because the shaft is rotating at 5000 rpm, but they will be much more compact 
and less expensive because of the much smaller power requirement.  Estimated costs for power 
electronics are $8M. 
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3.6.3.3.5 Heat Exchangers 

The proposed combined cycle alternative design requires no intercooler, pre-cooler or 
recuperator.  In particular, the elimination of the high risk recuperator is a very desirable factor in 
the concept.  A steam generator is required, and a pre-concept design has been developed 
based on technology currently working reliably in Advanced Gas Reactor (AGR) plants in the 
UK, which have operated successfully for over 20 years. 

The proposed steam generator is divided into an economizer, evaporator, super-heater 1, re-
heater 1, super-heater 2, re-heater 2 and super-heater 3.  In total the overall height of all heat 
exchanger modules is around 7.5 m excluding headers underneath the economizer and after 
super-heater as well as before and after re-heater.  A straightforward tubed design is proposed 
with an estimated weight of around 230 tons, which is in the same order of magnitude as 
proposed GT-MHR recuperator.  Figure 3.6-26 shows the proposed design.  It would occupy a 
separate pressure vessel around 5m in diameter and 15m tall.  Estimated cost for the steam 
generator would be around $19M.  Since this steam generator proposal is of straightforward 
tubed construction and based on existing successful technology, it is considered significantly 
lower risk than the recuperator required for the pure gas turbine cycle option. 

3.6.3.3.6 Electromagnetic and Catcher Bearings 

The EM bearing requirements for the combined cycle concept are easier than for the reference 
GT-MHR design.  The generator’s rotor mass is estimated to be around 10 tons, and the gas 
turbine rotor mass is also estimated to be around 10 tons.  The shaft speed has increased 
slightly to 5000 rpm.  Also the length of shaft between radial bearings is reduced.  Dynamic 
analysis of the smaller, lighter gas turbine rotor shaft indicates that the number of resonant 
frequencies experienced during startup should reduce to 3 (from 4 for the GT-MHR reference 
design).  All in all, it is considered that the combined cycle alternative concept has reduced EM 
bearing risk when compared with GT-MHR. 

Discussions with the world’s leading EM bearing suppliers about the combined cycle’s bearing 
requirements have also been conducted.  One supplier of EM bearings, SKF, has build 
experience of EM thrust bearings with loads up to 100 kN (about 10 ton) operating at 16, 000 
rpm.  Thus SKF claim experience similar to that required for this application.  However, it is not 
clear whether their designs are suited to a seismic environment. 

In consideration of the catcher bearings, the reduced gas turbine shaft output compared to GT-
MHR means that the shaft and bearing diameters can be reduced considerably.  This, coupled 
with reduced rotor mass in the generator and gas turbine, will reduce the risks in the catcher 
bearing design. 
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Figure 3.6-26.  Steam Generator Layout 

3.6.3.4 Conclusions and Recommendation 

In conclusion, both the GT-MHR reference design PCS and an alternative combined cycle PCS 
have been worked up in the pre-concept study.  They both have advantages as described 
below:

Combined Cycle Advantages

• Reduced EM bearing risk 
• No recuperator 
• Steam equipment (excluding steam generator) would be commercial off-the-shelf. 

-  Total equipment costs should be lower 
-  Steam generator can exploit e.g. AGR experience 

• Flexibility to have process steam instead of electricity from steam plant 

OKBM/GA Reference Cycle Advantages

• More compact - smaller equipment footprint, both inside reactor building and outside 
• More elegant, simpler cycle - less complexity 

It is recommended that further work be undertaken, in the next phase, to decide which cycle 
should be selected for the NGNP application. 
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During this PCS preconcept study, certain areas that require further study have become 
apparent.  Some of the more significant are: 

1) Transient performance.  The start-up and transient behavior of the PCS needs to be 
better understood so that the transient requirements for the components can be properly 
assessed.  This will require a transient performance model to be constructed for the 
cycles and is a significant undertaking. 

2) A study of the control system for the PCS needs to be made.  This system’s behavior is 
intimately bound up with the PCS’s transient requirements. 

3) Further refinement of turbine designs to increase confidence of achieving 60,000 hours 
creep life with uncooled turbine blades at 850°C for both the reference cycle and the 
combined cycle. 

4) Further exploration of the implications of 950°C operation, particularly 
cost/complexity/performance trade-offs (including blade cooling and thermal barrier 
coatings).

5) A more thorough investigation into EM bearing capabilities and alternative technologies 
is required because the EM bearings are such a key feature of both concepts. 

It is recommended that studies be performed during the next NGNP design phase. 

3.6.4 PCS Cooling Water System 

This system is a closed loop piping arrangement that absorbs heat from the pre-cooler and 
intercooler heat exchangers in the PCS.  This system also provides cooling water to the various 
coolers within the main plant electricity generating system, such as the generator cavity coolers, 
the stator windings, and the magnetic bearing system.  The absorbed heat is rejected through a 
series of heat exchangers in the auxiliary building located outside the Reactor Building. 

The pre-coolers and intercoolers are located inside of the PCS vessel.  Cooling water to and 
from these units passes through a series of nozzles in the vessel.  Piping to and from these 
nozzles is manifolded outside of the vessel such that the primary supply and return piping is 
limited to two or four main lines.  These lines and the associated control and isolation valves are 
located in the equipment space adjacent to the PCS vessel, but outside the local shield walls 
around the vessel. 

Heat is rejected from the PCS Cooling Water System via two 50% capacity shell and tube heat 
exchangers located in the Auxiliary Building adjacent to, but outside of the Reactor Building.  
The PSC Cooling Water System feeds the shell sides of these heat exchangers, with the heat 
being transferred to the plant circulating water system for ultimate rejection to the local 
atmosphere through the facility cooling tower.  Two 50% capacity pumps, also located in the 
Auxiliary Building, provide for circulation of the power conversion cooling water through the 
system. These pumps take suction from the heat exchangers and discharge directly to the pre-
cooler and intercoolers in the power conversion vessel. Various control and isolation valves are 
included to maintain system function and to allow for equipment maintenance as may be 
required.



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

 3-141 

The PCS Cooling Water System contains a separate water quality treatment system located in 
the Auxiliary building.  A surge tank is also included in the Auxiliary Building to provide for 
maintenance of water inventory and pressure control within the system.  Makeup water is 
provided by a de-mineralized water supply.  The volume space above the water in the surge 
tank is maintained as a nitrogen atmosphere to minimize/eliminate absorption of oxygen into the 
water system.  This space is vented to the Radioactive Gas Waste System via pressure control 
and isolation valves. 

3.6.5 Power Generation Facility 

Three-phase electric power delivered by the main facility generator is routed to the main power 
transformer for voltage upgrading (e.g. to 240 kV) as required for compatibility with the off-site 
power distribution and transmission system (the grid).  A unit auxiliary transformer is connected 
to the high-voltage side of the main power transformer to supply power to the facility at reduced 
voltages (typically as 4.16 kV input to the various in-plant system transformers).  This arrange-
ment allows either the main facility generator or the outside power transmission system to pro-
vide house power to the plant. A reserve auxiliary transformer may also be included in the over-
all power generation and distribution system as may be needed if the unit auxiliary transformer 
is not available.  The reserve auxiliary transformer takes power directly from the grid and feeds 
directly into the plant electrical system.  A number of circuit breakers are included in the power 
distribution system to control the flow of power to and from the various sources and users. 

3.7 Heat Transport System 

The Heat Transport System (HTS) includes the systems, subsystems and components 
necessary to transport 65 MWt of high-temperature heat from the primary system of the NGNP 
to the process heat exchangers of the hydrogen production plant.  The Primary HTS diverts a 
portion of the primary coolant flow from the hot plenum of the reactor and sends it through the 
IHX in order to transfer the heat to the Secondary HTS.  The Primary HTS helium circulator on 
top of the IHX vessel returns the diverted primary coolant to the reactor vessel where it rejoins 
with the helium returning from the PCS on its way back to the top of the reactor core.  The 
Primary HTS is described in Section 3.7.1. 

The Secondary HTS uses helium to remove heat from the IHX and transport it out of the RB to 
the hydrogen production plants.  At the hydrogen production plants, the secondary coolant is 
divided into two flow paths in order to supply 60 MWt to the SI hydrogen production process and 
~4 MWt to the HTE hydrogen production process.  The Secondary HTS circulators return the 
helium from the process heat exchangers back to the IHX.  The Secondary HTS is described in 
Section 3.7.2.  The preconceptual design of the Secondary HTS described herein is based on 
the Heat Transfer/Transport study [Bolin 2007] performed by GA, which is summarized in 
Section 1.5 3. 

3.7.1 Primary Heat Transport System 

The Primary HTS consists of the IHX and primary helium Circulator (PHC).  Both of these 
components, along with associated internal ductwork, are contained within the IHX vessel.  The 
IHX vessel is connected to the reactor vessel by the IHX cross vessel and associated IHX hot 
duct.
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3.7.1.1 Intermediate Heat Exchanger 

The IHX design is based on the printed circuit heat exchanger (PCHE) concept developed by 
Heatric (www.heatric.com), which consists of metal plates that are diffusion bonded to restore 
the properties of the base metal (Figure 3.7-1).  The PCHE is constructed from flat metal plates 
into which fluid flow channels are chemically milled using a technique that is similar to that used 
for etching printed electrical circuits.  The milled plates are stacked and diffusion bonded 
together.  Diffusion bonding converts the stack of plates into a solid block containing precisely 
engineered flow passages.  The PCHE concept allows for simultaneous high-temperature and 
high-pressure operation with relatively thin wall thickness between the primary and secondary 
coolants.  PCHEs are typically four to six times smaller than conventional shell-and-tube heat 
exchangers of equivalent heat duty.  With this technique, the PCHE design can be optimized for 
specific applications.  Designs have been developed with thermal effectiveness greater than 
98%.

The basic geometric parameters of the IHX are presented in Table 3.7-1.  Both the primary side 
and secondary side IHX flow channels are the same size.  For each coolant, there are 372 
PCHE layers per module.  Each layer has 249 coolant channels.  The flow area per module is 
0.3272 m2 (3.522 ft2) for each coolant.  The LMTD of the heat exchanger is 25°C and its 
effectiveness is 93.5%.  The primary and secondary side heat transfer coefficients are both just 
over 2215 W/m2-K (390 Btu/h-ft2-°F).  The overall heat transfer coefficient is 954 W/m2-K (168 
Btu/h-ft2-°F).  The flow rates on the primary and secondary sides are both 34.7 kg/s (76.3 lb/s) 
when operating to remove 65 MWt.  The pressures on the primary and secondary sides are also 
essentially the same at 6.23 MPa (904 psia).  When the NGNP is operating in cogeneration 
mode to produce both electricity and hydrogen, the pressure in the primary system is reduced 
from 7 MPa to 6.23 MPa in order to maintain high efficiency in the PCS which is receiving 535 
MWt of heat from the reactor.  The pressure drop on the primary side is 31.2 kPa (4.53 psi).  
The pressure drop on the secondary side is essentially the same at 30.3 kPa (4.40 psi). 

The arrangement of the flow paths through the PCHE modules is slightly different from that 
depicted in Figure 3.7-1.  In order to bathe the exterior of the IHX in cold primary coolant helium, 
the flow arrangement depicted in Figure 3.7-2 was devised.  The cross-sectional view shows the 
primary flow path on the lower half and the secondary flow path on the upper half which would 
represent the PCHE plate just above or below the plate used by the primary flow.  Primary and 
secondary PCHE plates are stacked one on top of the other to form each PCHE module.  The 
primary coolant inlet and secondary coolant inlets and exits would be at the top of the IHX.  The 
primary coolant exits would be all along the north and south sides of the IHX as depicted in 
Figure 3.7-2. 
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Figure 3.7-1.  True Counter Flow HeatricR Heat Exchanger (courtesy of HEATRIC Corp.) 
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Table 3.7-1.  Basic Geometric Parameters of He-He IHX 

Parameter Value 

Number of Modules 

Module Height 

Total Module Width (includes edges) 

Edge Distance 

Total Module Length 

Radius of Helium Channels 

Channel Center to Center Spacing 

Channel Offset Pitch 

Height of Offset 

Layer Thickness 

Flow Area per Module 

Heat Transfer Area per Module 

4

1.82 m 

1.026 m 

13 mm 

0.902 m 

1.5 mm 

3.9 mm 

12.7 mm 

2.286 mm 

2.4 mm 

0.3272 m
2

680 m
2

Figure 3.7-2.  Primary and Secondary Flow Through IHX 
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3.7.1.2 Primary Helium Circulator 

The primary helium circulator (PHC) is configured to accommodate the following items: (1) a 
variable speed electric motor, (2) an axial flow impeller and diffuser, (3) a loop shutoff valve 
(LSV), (4) an electric motor control and power subsystem (EMCPS), (5) a magnetic bearing 
control and power subsystem, (6) a labyrinth seal, (7) an internal circulator cooler, and (8) a 
barrier plate and motor outer sleeve.  Figure 3.7-3 shows the general arrangement of the PHC. 

Figure 3.7-3.  General Arrangement of Primary Helium Circulator 
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The PHC is mounted vertically at the top of the IHX vessel (IHXV) closure head and is part of 
the pressure boundary for the primary coolant.  Helium flow rate can be adjusted by varying the 
speed of the motor.  The axial flow impeller is mounted to the bottom of the motor shaft.  The 
cold return helium enters the circulator inlet, flows downwards through the impeller and the LSV, 
and is discharged into the circulator outlet plenums of the IHXV.  The helium collected in the 
IHXV’s outlet plenums is then returned to the reactor vessel via the IHX cross vessel.  The LSV 
assembly shuts off primary coolant flow through the PHC when either the SCS circulator is 
operating or the NGNP is only operating to only produce electricity. 

Detailed analyses to establish the optimum impeller geometry must be undertaken using proven 
aerodynamic design methodology.  The major parameters to be considered in the rotating group 
analysis include: (1) impeller size and weight, (2) bearing span (dictated by electric motor rotor 
length), (3) impeller overhang dimension (controlled by the labyrinth seal block, if required), and 
(4) motor heat removal capability. 

The pressure drop through the reactor core and PSR coolant holes is normally 80 kPa when the 
NGNP is operating in electricity-only mode.  When the NGNP is operating in cogeneration mode 
with 65 MWt of the 600 MWt reactor output diverted to the IHX, the maximum system pressure 
is reduced from 7 MPa to 6.23 MPa which reduces the electrical output of the PCS while 
maintaining high efficiency.  The reduced pressure and density increases the pressure drop in 
the reactor core and PSR coolant holes from 80 kPa to 90 kPa.  An additional 6 kPa pressure 
loss occurs in the piping that transfers the primary coolant from the reactor system to the IHX 
and then returns it.  As noted in Section 3.7.1, the pressure loss through the IHX is 31 kPa so 
the total pressure loss that the PHC is required to overcome is 127 kPa (18.4 psi).  Using a 
conservative value of 80% for the efficiency of the PHC, an initial estimated power requirement 
for the PHC motor is 1.5 MWe. 

The main circulator is driven by an induction motor.  The circulator PCD design has selected a 
6-phase 2-pole variable speed induction motor driven by two frequency converters based on 
past experience for larger circulators.  The PHC conceptual design phase will examine whether 
a 3-phase induction motor would be a better selection.  The circulator speed can be varied from 
its nominal value as required to adjust helium flow during transient or part load conditions.  
Motor speed is controlled using a solid-state variable frequency power supply, which is part of 
the electric motor control and power subsystem (EMCPS). 

The impeller shown in Figure 3.7-3 is a two-stage, axial flow impeller with flow straighteners 
before, between and after the rotor stages.  A single stage impeller with pre-rotators and 
straighteners is another possible configuration which will be examined in the conceptual design 
phase.

The flow-activated loop shutoff valve (LSV) is located in the lowest portion of the circulator outlet 
duct.  The valve design is based on two lightweight flaps of semi-elliptical shape supported at 
their upstream edge and with a central divider.  The LSV is equipped with position sensor 
instrumentation plus a jet assisted position override mechanism to allow for remote-manual 
closure.

The circulator has a dedicated control and power subsystem located remotely from the 
circulator assembly.  The EMCPS provides a means of electrically controlling the rotor speed.  It 
is comprised of a frequency converter and control modules.  The EMCPS shall provide means 
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of stopping the rotor from maximum speed to rest within 10 seconds, using either motor 
regenerative braking or DC electrical braking. 

A labyrinth seal is required to separate the primary coolant helium from the motor cavity 
environment.  The shaft labyrinth seal will be buffered with purified helium at pressure sufficient 
to prevent ingress of primary coolant helium into the motor cavity at all times.  The shaft 
labyrinth seal is located directly above the under-hung impeller and is mounted off the bottom of 
a water-cooled mounting block. 

Cooling water is provided to heat exchanger units within the motor cavity and to the labyrinth 
seal mounting block.  The cooling subsystem provides adequate of the electric motor and 
magnetic bearings.  Shaft-mounted fans on the motor/compressor shaft circulate the helium 
coolant through the motor cooling passages for heat rejection.  Two independent 100% motor 
cooling heat exchangers are installed in the motor cavity to remove heat generated by the 
motor, plus heat transferring into the motor cavity from circulating primary coolant.  The bottom 
radial bearing and labyrinth seal are mounted off a water-cooled block attached to the barrier 
plate.  The water passages in the mounting block are internally drilled with welded water 
connections that can be fully checked.  The bearing will be cooled by conduction to the 
mounting block and/or forced gas circulation.  The mounting block also acts as a cooler for the 
labyrinth purge gas. 

The barrier plate and the motor outer sleeve provide a secondary pressure containment function 
in the event of failure of one of the penetrations or cooling coils followed by rapid 
depressurization of the motor compartment.  The barrier plate is designed to mitigate the 
consequences of internally generated missiles within the circulator. 

3.7.2 Secondary Heat Transport System 

The Secondary HTS uses helium to remove heat from the IHX and transport it out of the 
Reactor Containment Building and over to the hydrogen production plants.  At the hydrogen 
production plants, the secondary coolant is divided into two flow paths in order to supply 60 
MWt to the SI hydrogen production process ~4 MWt to the HTE hydrogen production process.  
The secondary system circulators return the helium from the process heat exchangers back to 
the IHX.  The Secondary HTS consists of the secondary helium circulator (SHC), piping, and 
isolation valves. 

3.7.2.1 Secondary HTS Piping and Isolation Valves 

Parallel hot leg and cold leg piping is used to transfer secondary coolant from the IHX to the 
hydrogen production plants.  The piping is assumed to run 90 m in length between the IHX and 
process heat exchangers (PHXs) of either the SI or HTE hydrogen production demonstration 
plant.  The parallel pipe configuration is a simpler design compared to a concentric pipe 
configuration and can more easily accommodate the design features necessary to address 
thermal expansion.  A schematic of the secondary loop configuration is presented in Figure 
3.7-4.  (A larger version of this schematic is presented in Figure 2.1-2 in Section 2.) 
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Figure 3.7-4.  Schematic of Helium Secondary Heat Transport Loop 

In order to reduce the pipe wall temperature and the heat loss to the environment, internal 
insulation is used for both the hot leg and cold leg piping.  The internal insulation would be 
made of kaowool with cover plates holding it in place.  The same design approach was used in 
the Fort St. Vrain HTGR and is proposed for the hot duct and cross vessel of the NGNP primary 
system.  External insulation is also used to further reduce the heat loss to the environment.  The 
addition of external insulation raises the pipe wall temperature. 

Insulated system performance was analyzed under two extreme weather conditions:  a hot day 
with no wind, and a cold windy day.  The hot day determines the maximum pipe wall 
temperature which is used to determine the minimum allowable pipe wall thickness to be within 
the stress allowables using the ASME process piping standard B31.3.  The cold day determines 
the insulation thickness necessary to meet the requirement of 1% heat loss to the 
environment.  In order to simplify the pipe design and manufacturing, the hot and cold leg pipes 
were designed to be the same diameter, and same wall thickness, and to have the same 
internal and external insulation thickness.  One advantage of this approach is that any transient 
which raises the cold leg temperature due to inadequate heat removal in the PHXs would not 
exceed allowable stresses at the elevated pipe wall temperatures associated with the transient. 

Table 3.7-2 summarizes the geometric parameters of the helium piping.  For the cold day, the 
total temperature drop is 3.6°C, which is 1% of the 360°C temperature rise within the IHX.  The 
total temperature drop on the hot day is 3.0°C. 
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Table 3.7-2.  Basic Geometric Parameters of the Secondary Piping 

Parameter 
Metric 
Value

English
Value

Pipe Inside Diameter 

Pipe Wall Thickness 

Pipe Outside Diameter 

Internal Insulation Thickness 

External Insulation Thickness 

0.76 m 

35.6 mm 

0.83 m 

127 mm 

15.2 mm 

30 in. 

1.4 in. 

32.8 in. 

5 in. 

0.6 in. 

The maximum pipe wall temperature on the hot day is 482°C (899°F).  The material chosen for 
the pipe wall is 2¼Cr-1Mo which is fully qualified to 590°C under Section III, Subsection NH of 
the ASME code and is allowed to reach 650°C for short times.  The advantage of this material 
over other high temperature alloys is its low cost.  At 482°C (900°F), the stress allowable is 
94 MPa (13,600 psi).  The stress in the pipe wall is less than the stress allowable if the wall 
thickness is 35.6 mm (1.4 in.). 

It is expected that the secondary heat transport loop will have three isolation valves on each leg 
– two near the IHX and one near the PHX.  Isolation valves are necessary to prevent the 
propagation of events in either the NGNP reactor or hydrogen production plant from affecting 
the other.  Double isolation valves on the hot leg and cold leg sides of the IHX allow these 
isolation valves to be part of the primary coolant pressure boundary and part of the containment 
building boundary.  Isolation valves are also necessary to perform maintenance on the heat 
transport loop.  Figure 3.7-5 presents a diagram of a potential high temperature isolation valve 
(HTIV) being developed for use on HTTR by the Japan Atomic Energy Agency (JAEA).  For 
HTTR, a ½ scale prototype of the HTIV has been tested.  The valve, as shown in Figure 3.7-5, 
is an angle valve with internal glass wool insulation.  The rod body and seat were made of 
Hastelloy X and the seat had a coating metal of Stellite No. 6 and 30 wt% Cr3C2.  The casing of 
the valve was made of carbon steel which was limited to 350°C due to the internal insulation.  
Testing was performed at 4.0 MPa and 900°C. 

3.7.2.2 Secondary Helium Circulator 

The total pressure drop in the secondary heat transport loop is the sum of pressure drops in the 
IHX, PHXs and piping system.  The design of the PHX for either the SI or HTE hydrogen 
production process is expected to have a pressure drop in the PHX no greater than the 
pressure drop in the IHX.  The secondary heat transport loop was assumed to have three 
isolation valves on each leg with each valve having a pressure loss L/D of 55.  Each leg of the 
secondary loop was also assumed to have five bends with a pressure loss L/D of 18 and an 
entrance/exit Kloss of 1.5.  The hot leg has a pressure loss of 41.4 kPa.  The cold leg has a 
pressure loss of 28.7 kPa.  The total pressure drop in the secondary loop is estimated to be 131 
kPa (19.0 psi).  Assuming the system uses a single circulator with an efficiency of 80%, the total 
system pumping power would be 1.6 MWe.  An alternate configuration is to have two circulators 
– one dedicated to the SI hydrogen production and the other dedicated to the HTE hydrogen 
production.  The secondary circulator for the SI plant would be sized to transfer 60 MWt at a 
flow rate of 32.0 kg/s.  The secondary circulator for the HTE plant would be sized to transfer up 
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to ~4 MWt at a flow rate of 2.7 kg/s.  The SI secondary circulator would be sized at 1.45 MWe 
while the HTE secondary circulator would be sized at only 120 kWe. 

Figure 3.7-5.  Diagram of High Temperature Isolation Valve 

The secondary helium circulator design is expected to be either the same or very similar to the 
primary helium circulator described in Section 3.7.1.2 and illustrated in Figure 3.7-3.  The 
secondary helium circulator will be configured to accommodate the following items: (1) a 
variable speed electric motor, (2) an axial flow impeller and diffuser, (3) an electric motor control 
and power subsystem (EMCPS), (4) a magnetic bearing control and power subsystem, (5) a 
labyrinth seal, (6) an internal circulator cooler, and (7) a barrier plate and motor outer sleeve.  
The major difference between the secondary helium circulator and the primary helium circulator 
is the absence of a loop shutoff valve whose function is performed by the secondary loop 
isolation valves. 

3.7.3 Toshiba IHX Designs 

Alternate IHX layouts were prepared by Toshiba as part of the pre-conceptual design effort.  
The IHX layouts presented in the following two sections address the printed-circuit heat 
exchanger technology and the helical-coil heat exchanger technology. 

3.7.3.1 Printed-Circuit Heat Exchanger 

The reference Toshiba IHX design for the NGNP is also a PCHE, namely a compact, counter-
flow heat exchanger design consisting of metallic plate construction with small channels etched 
into each plate and assembled into a module similar to the HEATRIC-style printed-circuit heat 
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exchanger.  The NGNP requires a nickel-based alloy, such as Alloy 617 for high-temperature 
use.  Although the ASME Code does not presently support the use of Alloy 617 for stand-alone 
pressure containment, there does appear to be adequate data to support design of PCHE 
modules as internals of the IHX pressure vessel.  The external IHX pressure vessel will be 
designed and fabricated from existing ASME Code material. 

The IHX vessel is a pressure boundary for the primary helium coolant and will be designed 
according to the ASME Code, Section III.  It is assumed that the IHX vessel will be 
manufactured using SA-387 steel and insulated with kaowool to maintain operating 
temperatures about 250°C at normal operation and to prevent creep damage. 

Design Conditions.  The primary loop design assumes that the reactor outlet temperature is 
950°C and the reactor inlet temperature is 590°C.  The secondary side helium temperature is 
assumed to be 925°C and 565°C.  The IHX is designed and sized to remove 65 MWt using 
these helium temperatures.  The IHX is large enough to simultaneously provided the process 
heat required for the NGNP HTE-based hydrogen production plant (~4 MWt) and the SI-based 
hydrogen production plant (60 MWt).  The design conditions for the IHX are presented in 
Table 3.7-3. 

Table 3.7-3.  PCHE IHX Design Conditions 

Parameter 
Design

Conditions 

Heat Load, MWt 65 

LMTD*,
o
C 25 

Primary Side Fluid Helium 

Primary Side Flow Rate, kg/s 34.72 

Primary Side Inlet / Outlet Temperature, 
o
C 950 / 590 

Primary Side Inlet / Outlet Pressure, MPa 6.2 / (6.15) 

Secondary Side Fluid Helium 

Secondary Side Flow Rate, kg/s 34.72 

Secondary Side Inlet / Outlet Temperature, 
o
C 565 / 925 

Secondary Side Inlet / Outlet Pressure, MPa 6.1 / 6.05 

Allowable Pressure Loss**, MPa 0.05 

*LMTD  =  log mean temperature difference.  

**Tentative condition.  
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Sizing.  The basic geometric parameters of the PCHE are shown in Table 3.7-4. 

Table 3.7-4.  Basic Geometric Parameters of PCHE IHX 

Parameter Value 

Number of Modules 48 

Total Module Height, m 0.453 

Total Module Width, m 0.400 

Total Module Length, m 0.960 

Radius of Helium Channels, mm 1.5 

Channel Center to Center Spacing, mm 3.9 

Channel Offset Pitch, mm 12.7 

Height of Offset, mm 2.286 

Plate Thickness, mm 2.4 

Both the primary side and secondary side PCHE flow channels are the same size.  For each 
coolant, there are 178 PCHE layers per module.  Each layer has 75 coolant channels.  The flow 
area per module is 0.0472 m2 for each coolant.  The flow rates on the primary and secondary 
sides are both 34.72 kg/s.  The pressures on the primary and secondary sides are also 
essentially the same at 6 MPa.  The pressure loss on the primary side is 19 kPa.  The pressure 
loss on the secondary side is essentially the same at 44 kPa.  The metal volume before etching 
the flow channels is 8.05 m3 and has a mass of 67.3 ton, which is used to evaluate the material 
cost of the IHX. 

The PCHE units are assembled by tungsten inert gas (TIG) welding of 8 PCHE modules.  The 
plenums are attached to both sides of the PCHE modules by TIG welding to form the flow 
passage for the secondary helium coolant.  The plenum is a pressure-vessel-like semi-
cylindrical shape and the plate thickness is calculated using ASME Code, Section III.  The 
material of the plenum is Alloy 617, the same material as for the PCHE module.  The design 
temperatures of the plenums are 590oC (same as the PCHE primary helium outlet temperature) 
and 925oC (same as the PCHE secondary helium outlet temperature).  The pressure difference 
is 0.1 MPa since the pressures of the primary helium and secondary helium are 6.2 MPa and 
6.1 MPa, respectively. 

The minimum wall thicknesses for the plenums is calculated per the following equation from 
ASME Code, Section III, Division 1, NB-3641.1 and are given in Table 3.7-5.  

A
PyS2

PD
t

m

O

• t  =  minimum required wall thickness (mm) 
• P  =  internal design pressure (MPa) 
• DO  =  outside diameter (mm) 
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• Sm = maximum allowable stress intensity (N/mm2) for the material at the design 
temperature (the maximum allowable stress intensity, S0, was adopted since the design 
temperature exceeds the temperature indicated in Section II, Part D) 

• y  =  0.4 
• A  =  additional thickness (mm) shown in ASME Code, Table NB-3641.1(a)-1. 

Table 3.7-5.  Plenum Wall Thickness 

No. Parts Material 

Internal
Design

Pressure 
(MPa) 

Design
Temperature

(
o
C)

Minimum Wall 
Thickness 

(mm) 

1 Secondary Coolant 
Inlet Plenum 

0.1 590 11.1 

2 Secondary Coolant 
Outlet Plenum 

Alloy 617 
0.1 925 14.3 

Calculation for wall thickness: 

— t1 =  0.1 x 355.6 / {2x(39+0.1x0.4)}+10.6  = 11.1 mm 

— t2 =  0.1 x 457.2 / {2x(3+0.1x0.4)}+6.8  = 14.3 mm 

where, maximum allowable stress intensities, S0, of Alloy 617, are assumed to be 39 N/mm2 and 
3 N/mm2 at 105 hours (safety factor 2) for 590°C and 925°C, respectively 

The cross section of the PCHE units is shown in Figure 3.7-6.  The plenum meets the 
requirements of wall thickness as shown above.  But in the future, a structural analysis needs to 
performed per ASME Code, Section III, Subsection NH because the temperature exceeds 
425°C.

IHX General Arrangement.  The general arrangement of the IHX is shown in Figures 3.7-7 and 
3.7-8.  The IHX consists of a pressure vessel, a cross-vessel, a primary inlet pipe, PCHE units, 
a PCHE unit shell, a secondary outlet header, a secondary outlet nozzle, a helium circulator, 
shroud, and thermal insulation. 

The PCHE units are fixed at the PCHE support and hanged downward.  The PCHE support is 
integrated with the secondary outlet pipe insulated with kaowool internally, and the secondary 
outlet pipe is supported at the nozzle of the top spherical shell.  The primary inlet pipe passing 
through the cross-vessel is bent in the IHX and inserted into a sliding joint set up at the bottom 
of the PCHE unit shell.  The primary coolant at 950°C and 6 MPa is transported in the PCHE 
unit shell and goes into the PCHE units. The heat of primary coolant is transferred to the 
secondary coolant and goes out of PCHE units.  The temperature of primary coolant reduces up 
to 590°C, descends downward in the IHX, and is carried to the helium circulator.  The primary 
coolant is pressurized by the helium circulator, goes upward between the pressure vessel and 
shroud, and transported through the outside of cross-vessel to a reactor vessel. 
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Figure 3.7-6.  Horizontal Cross Section of PCHE Unit 
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.

Figure 3.7-7.  General Arrangement of PCHE IHX  
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Figure 3.7-8.  Horizontal Cross Section of PCHE IHX 
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On the other hand, the secondary coolant at 565°C and 6 MPa flows into the inside of the IHX 
through the 8 inlet nozzles installed at the top spherical shell, goes through the piping, and is 
transported up to the plenum of the PCHE units.  The secondary coolant flows as shown in 
Figure 3.7-7.  The secondary coolant heated up to 925°C goes through the internally insulated 
piping, is collected in the secondary outlet header, and is transported to the hydrogen 
production plants. 

A maintenance opening could be installed in the IHX vessel.  Then, the IHX design would permit 
in-service inspection during refueling outages.  Because the PCHE units are attached at the top 
spherical shell, the PCHE is removable from the vessel system as necessary to perform 
maintenance, repair, or replacement. 

Thermal Insulation.  Kaowool is adopted as the thermal insulation for the piping because of its 
following properties: 

• Low thermal conductivity in the helium atmosphere at high temperature 
• High recoverability from compression state 
• Low aged deterioration 
• Little release gas 

The Kaowool will be installed inside of the piping and is fixed with the liner as shown in Figure 
3.7-9.

Figure 3.7-9.  Example of Piping Thermal Insulation Installation 
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Structural Materials.  Table 3.7-6 lists the material selections and sizing for the NGNP based 
on experience in other gas-cooled reactor plants.  2¼Cr-1Mo steel was selected as the material 
for the pressure vessel and outside piping of the vessel.  9Cr-1Mo-V-V steel was selected for 
the primary and secondary piping and secondary outlet header.  Though the design 
temperatures shown in Table 3.7-6 are high, the pressure difference is low enough to maintain 
structural integrity. 

Table 3.7-6.  PCHE IHX Material Selection 

Parts Materials 

Design
Temp.

(
o
C)

Coolant
Temp.

(
o
C)

Outside
Diameter

(mm)

Wall 
Thickness 

(mm)

Thermal
Insulation*
Thickness

(mm)

Pressure Vessel 2 1/4Cr-1Mo 350 590 4960 120 120 

Cross-vessel 2 1/4Cr-1Mo 350 590 2350 60 150 

Piping Inlet 9Cr-1Mo-V-V 600 950 1600 10 150 
Primary 
Side

PCHE
Module 

– Alloy 617 950 950 – – – 

Inlet
Inside of IHX 

9Cr-1Mo-V-V 575 565 355.6 
(14B)

11.1
(Sch40)

–

Inlet Outside of 
IHX 

2 1/4Cr-1Mo 350 565 457.2 
(18B)

14.3
(Sch40)

100

Outlet
Inside of IHX 

9Cr-1Mo-V-V 650 925 457.2 
(18B)

14.3
(Sch40)

100

Piping 

Outlet
Outside of IHX 

2 1/4Cr-1Mo 350 925 1590 45 300 

Header Outlet 
Inside of IHX 

9Cr-1Mo-V-V 625 925 1610 55 300 

PCHE
Module 

– Same as Primary Side 

Inlet Alloy617 565 565 – – – 

Secondary 
Side

PCHE
Plenum Outlet Alloy617 925 925 – – – 

*Thermal insulation liner is assumed to be Alloy 800H.

Design Issues.  There are a number of design issues that need to be addressed by more 
detailed analyses as the design progresses.  It is recommended that the following issues be 
addressed in conceptual design. 

• The method for installation of the thermal insulation into the small pipe needs to be 
established. 

• The size of cross-vessel and the helium circulator are not certain. 

• The maintenance needs to be fully considered about the working space, fabrication 
methods, and so on. 

• The secondary piping and the PCHE support need to have their feasibility confirmed by 
thermal stress analysis. 
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• The lifecycle of IHX is 60 years and the pressure vessel is designed below 350oC to 
prevent the creep damage, but the internals are to be exchanged in 30 years. 

• It is not possible to perform ISI of PCHE as required by ASME Code, Section XI, Division 
2.  The PCHE perhaps should not be part of the primary coolant pressure boundary.  In 
this case, the primary coolant pressure boundary might be considered to extend to the 
isolation valves in the secondary HTS. 

• The IHX should be monitored for leakage and it would be desirable to test it for insipient 
failures, but it is not clear how that could be done for the PCHE. 

• The pressure loss of the PCHE is estimated, but the precise value needs to be confirmed 
by experiment. 

• A structural analysis is needed to confirm the feasibility of the design selections.  
Especially, the temperature difference between the inlet and outlet of PCHE is so large 
that the stress and distortion are necessary to be investigated by the analysis. 

• Many slide joints are used to be able to perform the maintenance of IHX.  The evaluation 
of leak rate from the slide joint needs to be evaluated. 

System Issues 

• The IHX must be able to withstand pressure transients in either the primary or the 
secondary HTS.  The most frequent anticipated pressure transient would be a loss of the 
PCS, which causes a PCS trip and equalization of the primary system pressure.  
Accidents would include primary system or secondary system depressurizations, which 
involve reactor trip, IHX circulation trip, and secondary circulator trip.  The HTS will need to 
have isolation valves, and the plant instrumentation and control system must include 
features (such as automatic shutdown of the primary and secondary HTS circulators) that 
provide protection against propagation of upset condition in either the reactor or the 
hydrogen production plant to the other plant. 

• The Secondary HTS pressure is assumed to be around 6 MPa.  However, it is not clear 
that it should be higher than the primary system pressure.  With the secondary pressure 
only slightly higher than the primary, one would have no means of detecting a leak in the 
IHX.  If the secondary pressure is slightly lower than the primary, then a leak could be 
detected by radioactivity in the secondary coolant.  Having a low pressure in the 
secondary heat transfer system might also be beneficial from the standpoint of the 
hydrogen production process heat exchangers. 

• The log mean temperature difference is so small that the longitudinal size of PCHE is long.  
The rearrangement of design condition is necessary to reduce the amount of IHX 
structural material. 

3.7.3.2 Helical-Coil Heat Exchanger 

An alternate IHX design is a shell and tube, counter-flow heat exchanger, consisting of helically 
coiled tube.  This type of heat exchanger has a tendency to be large compared to the PCHE, 
but there are application results in HTTR and it has the advantage that the heat transfer tubes 
are subject to volumetric in-service inspection (ISI).  The heat balance for the IHX was based on 
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the PCHE type heat exchanger; therefore, the heat balance is changed for the helical-coil type 
IHX, from the manufacturing point of view. 

Design Condition.  The design heat balance of IHX was changed to increase the log mean 
temperature difference (LMTD) for the helical-coil IHX.  The design conditions of the IHX are 
listed in Table 3.7-7. 

Table 3.7-7.  Helical-Coil IHX Design Conditions 

Parameter 
Design

Conditions 

Heat Load, MWt 65 

LMTD*,
o
C 91 

Primary Side Fluid Helium 

Primary Side Inlet / Outlet Temperature, 
o
C 950 / 590 

Primary Side Inlet / Outlet Pressure, MPa 6.2 / 6.15 

Secondary Side Fluid Helium 

Secondary Side Inlet / Outlet Temperature, 
o
C 440 / 900 

Secondary Side Inlet / Outlet Pressure, MPa 6.1 / 6.05 

Allowable pressure drop, MPa** 0.05 

*LMTD  =  log mean temperature difference. 

**Tentative condition. 

The primary loop design assumes that the reactor outlet temperature is 950°C and the reactor 
inlet temperature is 590°C.  The secondary side helium temperature is assumed to be 900°C 
and 440°C.  The IHX is designed and sized to remove 65 MWt using these helium 
temperatures.  The IHX is large enough to simultaneously provided the process heat required 
for an NGNP HTE-based hydrogen production plant (~4 MWt) and an SI-based hydrogen 
production plant 60 MWt). 

Sizing.  The tube bundle was sized using the “HEATSUP” Code. This code was developed and 
used for the design of the HTTR IHX.  Table 3.7-8 lists the specifications for the selected heat 
transfer tube bundle. 

The selection of large diameter tube leads to a decrease in the number of tubes and an 
increase in tube bundle height.  Oppositely, the selection of small diameter tube leads to a 
decrease in tube bundle height, but an increase in the number of tubes and a degradation of 
structure integrity (increase of creep deformation and creep damage) of connection tube which 
connects a helical coil part with the hot header.  In this design, based on past design 
experience, the tube diameter is selected to suppress pipe bundle height, in the range where 
structure integrity may be maintained. 
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Table 3.7-8.  Tube Bundle Parameters 

Parameter Value 

Helical angle  12.0 deg 

Tube outer diameter  45.0 mm 

Tube wall thickness 5.0 mm 

Number of tubes 301 

Number of coil layers 12 

Inner diameter of coil layer 1.60 m 

Outer diameter of coil layer 2.92 m 

Effective height of heat transfer region 6.63 m 

The diameter of the tube bundle was set by the pressure loss of the primary side and the 
secondary side.  In this design, it was decided to make the pressure loss on the primary side 
and the secondary side about 0.05 MPa.  Additionally, the flow velocity in the center pipe 
influences the tube bundle diameter.  The flow velocity is about 30 m/s in order to prevent 
vibration caused by the flow. 

For manufacturability, the following capacity of vessel work was assumed. 

• Diameter of vessel  : below approximately 7m 
• Height of tube bundle  : below approximately 15m  
• Weight: below approximately  1000 ton 

IHX General Arrangement.  The helical-coil type IHX concept is shown in Figure 3.7-10.  In the 
figure, “1ry” stands for primary and “2ry” stands for secondary.  Primary helium gas enters into 
the center of the inlet nozzle, flows up through the region of tube bundles, returns at the upper 
end of the vessel, flows down through annulus path between inner shell and outer shell, is led 
into the circulator and is delivered from the circulator to the reactor through the annulus of the 
inlet nozzle.  Secondary helium enters into four tube sheets at the head of the IHX, flows down 
through the helically-coiled tubes to a hot manifold header at the bottom of the center pipe, 
flows up through the center pipe and exits from the outlet nozzle at the top head of the IHX.  
Insulation is attached on the inner surface of the vessel in order to reduce wall temperature 
caused by the helium gas, which enables a reduction of the vessel wall thickness 

Upper head flanges are furnished on the vessel, and tube bundles are installed on the center 
pipe connected to the upper head of the IHX, which enables withdrawal of the tube bundle from 
the vessel.  In order to execute required maintenance and ISI (based on ASME Section XI 
Div.2), the following structures are adopted: 

• Center pipe is a straight type with flange installed on the upper end, which enables the 
insertion of the maintenance machine into the hot manifold header. 

• Flanges are installed on end of secondary inlet nozzle in order to insert the probe for ISI of 
the helically-coiled tubes. 
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Figure 3.7-10.  General Arrangement of Helical-Coil IHX  
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3.8 Hydrogen Production Systems 

3.8.1 High-Temperature Electrolysis System 

Figure 3.8-1 shows the basic concept for using electricity to split water into hydrogen and 
oxygen.  The energy required to split the water can be expressed as H = G + T S, where H
is the required enthalpy (negative of the heat of combustion of hydrogen), G is the Gibb’s free 
energy, T is the absolute temperature, and S is the entropy.  For electrolysis, the quantity G
is in the form of electrical energy and the product T S is in the form of thermal energy.  As 
illustrated in Figure 3.8-2, the electrical energy input required for electrolysis can be significantly 
reduced at higher temperatures.  This can translate into higher overall efficiencies for the 
process, especially if the thermal energy input is supplied directly to the process. 

Figure 3.8-1.  Principle of Electrolysis and Basic Reactions 

Figure 3.8-2.  Energy Required for Electrolysis as a Function of Temperature 
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As described in [Richards, 2006a], GA and INL have developed a pre-conceptual, commercial 
H2-MHR design based on coupling the MHR to Solid Oxide Electrolyzer (SOE) modules.  In that 
H2-MHR concept, the SOE modules are based on the planar-cell technology that is under 
development as part of the Nuclear Hydrogen Initiative and involves collaboration between INL 
and Ceramatec of Salt Lake City, NV.  For the current study, GA has been working with Toshiba 
Corporation to develop a concept based on tubular-cell technology, and the information 
presented below is for a tubular cell concept.  The tubular-cell concept requires more cell area 
per unit volume (which may impact capital costs), but appears to have fewer technical issues 
with regard to sealing individual cells, which can have a significant impact on long-term 
performance.  GA believes both the planar-cell and tubular-cell technologies are promising 
concepts for future commercialization, and recommends that both concepts be developed 
through at least the pilot-scale demonstration stage so that tradeoffs between capital costs and 
long-term performance can be accurately characterized. 

3.8.1.1 SOE Module Design 

High-temperature electrolysis requires SOE cells that can operate at temperatures up to 
approximately 850°C.  Figure 3.8-3 shows a schematic of the Toshiba SOE cell design.  The 
electrolyte is YSZ (Yttria-Stabilized Zirconia), the anode (oxygen electrode) is LSM (Strontium-
doped Lanthanum Manganite), and the cathode (hydrogen electrode) is Ni-YSZ (a mixture of 
metallic Nickel and Yttria-Stabilized Zirconia). 

Figure 3.8-3.  Schematic of SOE Cell Concept 

The HTE-based hydrogen production plant for the NGNP prototype will utilize ten SOE modules, 
with each module producing 600 Nm3 of hydrogen per hour (0.015 kg/s).  Modules of the same 
size would be used for a commercial-scale plant.  Figure 3.8-4 shows the pre-conceptual SOE 
module concept.  SOE module design parameters are given in Table 3.8-1.  The module 
pressure vessel is designed to last the 60-yr plant lifetime.  The electrolyzer cells are expected 
to last between 5 and 10 years before requiring replacement, but additional technology 
development/demonstration is required to determine actual cell lifetime. 
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Figure 3.8-4.  Pre-Conceptual SOE Module Concept (dimensions are in mm) 
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Table 3.8-1.  SOE Module Design Parameters 

Design Parameter Value 

Internal design temperature, °C 900 

Inlet/outlet temperatures, °C 815/849 

Vessel temperature, °C 200 

Vessel pressure, MPa 5 

Pressure vessel height, m 4.078 

Pressure vessel outer diameter, m 3.080 

Pressure vessel material SUS304 

Pressure vessel liner Inconel 625 

With Microtherm

Insulation 

P between anode and cathode, MPa 0 

Hydrogen electrode inlet gas composition, H2/H2O mole fraction 0.1/0.9 

Hydrogen electrode outlet gas composition, H2/H2O mole fraction 0.9/0.1 

Oxygen electrode inlet gas composition, O2/H2O mole fraction 0.0/1.0 

Oxygen electrode outlet gas composition, O2/H2O mole fraction 0.6/0.4 

Electrolysis cell shape Tubular 

Cell length, mm 300 

Cell diameter, mm 13 

Number of cells in pressure vessel 18,816 

Total active cell electrode area, m
2
 239 

Cell current density, A/cm
2
 0.6 

Cell operating voltage, volts 1.304 

Electrical energy input, MW 1.86 

Hydrogen production rate, Nm
3
/h 600 

As indicated in Table 3.8-1, the cells are designed to operate at 1.304 volts, which is near the 
thermal neutral voltage, and at a current density of 0.6 A/cm2.  Figure 3.8-5 shows the current-
voltage characteristics measured for a single, 15-cm2 cell at temperatures of 800°C and 900°C 
with PH2O = 0.5 atm, PH2 = 0.5 atm, and PO2 = 0.2 atm.  The measured open-cell potentials 
(corresponding to a current density of zero) at 800 C and 900 C were 0.94 volts and 0.91 volts, 
respectively, which are in good agreement with the theoretical values predicted using the Nernst 
equation.  For this test, current densities of approximately 0.45 A/cm2 were achieved.  In order 
to operate at higher current densities, it is important that the cells have low area-specific 
resistance, ASR = (E – EOCV)/I, where E is the operating voltage, E is the open-cell potential, 
and I is the current density.  The ASR values were 0.63 ohm-cm2 at 800 C and 0.37 ohm-cm2 at 
900 C.  Testing of a 75-cm2 cell (3 times the length of the 15 cm2 cell) at 800 C resulted in a 
current density of about 0.3 A/cm2 at the thermal neutral voltage and an ASR of approximately 
1.2 ohm-cm2.  Under the same test conditions, testing of a cell assembly consisting of three 
banks of five 75-cm2 cells (total of 15 cells, see Figure 3.8-6) resulted in a current density of 
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about 0.2 A/cm2 at the thermal neutral voltage and an ASR of about 1.9 ohm-cm2.  Based on 
these results, additional technology development is needed to achieve high current densities for 
engineering-scale units. 

Figure 3.8-5.  Current-Voltage Characteristics of a Single, 15-cm2 Tubular Cell 

Side View

Top View 

Figure 3.8-6.  Toshiba 15-Cell Assembly 
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3.8.1.2 Flowsheet Study and Equipment Description 

Figure 3.8-7 shows the flowsheet developed for the NGNP prototype, which was analyzed using 
the commercial HYSYS process simulation software (Figure 3.8-8).  For this pre-conceptual 
study, heat losses associated with process equipment and piping were neglected, losses 
associated with AC to DC conversion were neglected, and pressure losses associated with 
components were assumed to be 1% of the inlet pressures to these components.  SOE cell 
performance was based on data developed by Toshiba as part of their HTE technology-
development program [Matsunaga 2006].  Make-up water is supplied to P-101 and mixed with 
recycled water.  The water is vaporized in PHX-101 and superheated in PHX-102.  The steam is 
mixed with recycled hydrogen before it is supplied to the SOE modules in order to ensure 
reducing conditions and prevent oxidation of the hydrogen electrodes. The flow sheet includes 
heat exchangers to recuperate heat from the hydrogen/steam and oxygen/steam streams 
exiting the electrolyzer modules and drums to separate moisture from these streams.  A small 
expander turbine (T-201) is used to recover energy from oxygen stream and generate more 
than sufficient electricity for pumps, compressors, and other electrical loads associated with the 
process. Table 3.8-2 provides the stream compositions, vapor fractions, flow rates, and 
temperatures.  Tables 3.8-3 through 3.8-7 provide the design conditions for the heat 
exchangers, compressors, turbine, drums, and pumps.  HTE equipment size estimates are 
given in Table 3.8-8. 

For the present study, electricity is assumed to be generated in co-generation mode with a 
thermal efficiency of 50.5%.  The 10 SOE modules require a total of 18.7 MWe and T-201 
produces a net 0.41 MWe after process electrical loads are taken into account.  A total of 3.59 
MWt of heat is supplied to the process through the IHX.  Using the higher-heating value of 
hydrogen, the thermal energy of the hydrogen produced is 21.3 MWt.  The overall efficiency of 
the process is estimated to be: 

%5.53100
505.0/)41.07.18(59.3

3.21
HTE

Sensitivity studies were performed to determine the effect of operating pressure and 
temperature on overall system efficiency.  For a reduced operating pressure of 0.5 MPa, the 
predicted efficiency was only about 1% lower.  For SOE module inlet temperatures over the 
range 750°C to 850°C, there is a small increase in IHX heat duty [from 3.42 MWt to 3.67 MWt] 
and a small decrease in SOE module electric power requirement [from 18.81 MWe to 18.56 
MWe], which results in only a slight increase in efficiency (about 0.3%) over this temperature 
range.  This estimate assumes the electricity generation efficiency remains constant at 50.5%.  
If the electricity generation efficiency was also assumed to decrease with temperature, the 
overall hydrogen production efficiency would vary more significantly over this temperature 
range.

Figures 3.8-9 and 3.8-10 show the design concepts for heat exchangers PHX-101 and PHX-
102, which are used to vaporize and superheat the steam.   Both concepts are based on a 
PCHE module within a pressure vessel.  Design parameters for these two heat exchangers are 
given in Tables 3.8-9 and 3.8-10. 
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Table 3.8-2.  HTE Plant Process Description 
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Table 3.8-3.  Heat Exchanger Design Conditions (HTE Plant) 

* UA = product of overall heat transfer coefficient and heat transfer area 

Table 3.8-4.  Compressor Design Conditions (HTE Plant) 

Table 3.8-5.  Turbine Design Conditions (HTE Plant) 
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Table 3.8-6.  Drum Design Conditions (HTE Plant) 

Table 3.8-7.  Pump Design Conditions (HTE Plant) 
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Table 3.8-8.  HTE Equipment Size Estimate 
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Figure 3.8-9.  PHX-101 Design Concept (dimensions are in mm) 
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Figure 3.8-10.  PHX-102.  Design Concept (dimensions are in mm)
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Table 3.8-9.  PHX-101 Design Parameters 

Parameter Value 

Function Evaporator 

Heat Load, MWt 1.694 

LMTD*,
o
C

85 at wet steam 

249 at dry steam 

Secondary Side Fluid Helium 

Secondary Side Flow Rate, kg/s 1.16 

Secondary Side Inlet / Outlet  

Temperature, 
o
C

562 / 280 

Secondary Side Inlet / Outlet 

Pressure, MPa 
7.1 / (7.05) 

Process Side Fluid Steam 

Process Side Flow Rate, kg/s 1.32 

Process Side Inlet / Outlet  

Temperature, 
o
C

265 / 320 

Process Side Inlet / Outlet 

Pressure, MPa 
5.1 / (5.05) 

Allowable Pressure Loss**, MPa 0.05 

Material SUS304 

Number of Modules 1 

Number of Layers per Module 85 

Number of Coolant Channels in Each 
Layer

83

Total Module Height, m 0.468 

Total Module Width, m 0.460 

Total Module Length, m 0.429 

Radius of Helium Channels, mm 1.5 

Channel Center to Center Spacing, mm 3.9 

Channel Offset Pitch, mm 12.7 

Height of Offset, mm 2.286 

Plate Thickness, mm 2.4 

Metal Volume before etching, m
3
 0.10 

Mass before etching, ton 0.83 

*   LMTD  =  log mean temperature difference 

**  Tentative condition
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Table 3.8-10.  PHX-102 Design Parameters 

Parameter Value 

Function Super Heater 

Heat Load, MWt 1.94 

LMTD*,
o
C 147 

Secondary Side Fluid Helium 

Secondary Side Flow Rate, kg/s 1.16 

Secondary Side Inlet / Outlet  

Temperature, 
o
C

885 / 562 

Secondary Side Inlet / Outlet 

Pressure, MPa 
7.1 / (7.05) 

Process Side Fluid H2 / H2O = 0.1 / 0.9 

Process Side Flow Rate, kg/s 1.49 

Process Side Inlet / Outlet  

Temperature, 
o
C

296 / 815 

Process Side Inlet / Outlet 

Pressure, MPa 
5.05 / (5.0) 

Allowable Pressure Loss**, MPa 0.05 

Material Alloy 617 

Number of Modules 1 

Number of Layers per Module 85 

Number of Coolant Channels in Each 
Layer

60

Total Module Height, m 0.468 

Total Module Width, m 0.460 

Total Module Length, m 0.5856 

Radius of Helium Channels, mm 1.5 

Channel Center to Center Spacing, mm 5.5 

Channel Offset Pitch, mm 12.7 

Height of Offset, mm 2.286 

Plate Thickness, mm 2.4 

Metal Volume before etching, m
3
 0.14 

Mass before etching, ton 1.19 

*   LMTD  =  log mean temperature difference 

**  Tentative condition
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Oxidation resistance will be an important consideration for design of the SOECs and high-
temperature heat exchangers, and considerable technology development is required in this 
area.  For the SOEC, the anode operates in a reducing environment (steam/hydrogen mixture), 
but the cathode operates in an oxidizing environment (oxygen/steam mixture).  Oxidation 
resistance can be provided with chemical-vapor deposition of an aluminum film, which will 
oxidize to an alumina scale that is stable at very high temperatures.  However, potential 
negative impacts on cell conductivity and compatibility with sealing materials need to be 
evaluated.  The heat exchangers used to recuperate the heat from the oxygen/steam stream 
exiting the electrolyzers (HX-201 and HX-202) will require oxidation resistance, possibly also 
using an alumina scale.  If the HTE process is operated at temperatures below about 750 C, 
chromia could be considered as an alternative material for providing oxidation resistance.

3.8.2 Sulfur-Iodine Cycle Process 

The Sulfur-Iodine (SI) cycle produces hydrogen from water through a series of chemical steps 
as depicted in Figure 3.8-11. 

Figure 3.8-11.  Sulfur-Iodine Cycle 

Two immiscible acid phases are created by combining excess water with iodine and sulfur 
dioxide, and their separation is facilitated by an excess of iodine.  This step is known as the 
Bunsen reaction and is designated as Section 1.  The resulting sulfuric acid phase is 
decomposed back into sulfur dioxide for reuse.  This step (Section 2) is the highest temperature 
point (>800oC) in the process.  Hydrogen iodide is separated from water and iodine in Section 3 
before being decomposed into hydrogen and more iodine.  Decomposition typically occurs 
between 300-500oC.  The water and iodine are returned for reuse.  It can be driven purely by 
energy in the form of heat, but electrical energy is often used in flowsheets where appropriate to 
boost efficiency.  Heat pumps and vapor recompression equipment are examples of electrically-
powered equipment seen in SI cycle flowsheets. 
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Figure 3.8-12 is a block diagram of the SI cycle.  It shows the material connections between the 
chemical steps and the fundamental energy requirements for the key chemical reactions.  H is 
the enthalpy demand and G is the associated Gibbs free energy.  The acid-generating step in 
Section 1 is endothermic, and efficient recovery of this low-temperature heat can boost process 
efficiency.  The decompositions of sulfuric acid and hydrogen iodide are exothermic, and 
minimizing energy inputs to these sections is the focus of design of high-efficiency flowsheets.  
Each process section and its  flowsheets are discussed in more detail below. 

Figure 3.8-12.  Basic Flowsheet of the SI Cycle 

3.8.2.1 Bunsen Reaction (Section 1) 

The Bunsen reaction is the initial step in the SI process.  Gaseous sulfur dioxide is contacted 
with water and molten iodine to form sulfuric acid and hydrogen iodide (HI).  The melting point of 
iodine is 114°C, so the minimum pressure to run the reactor with liquid water is 1.6 bar (23 
psia).  Typical operating conditions are 5 to 7 bar pressure and 120oC in temperature.  Figure 
3.8-13 shows a flowsheet for Section 1.  Products are exchanged in each direction between 
Sections 1 and 2, and between Sections 1 and 3.  Acid concentrations are increased in a multi-
step process within Section 1, and sulfur compounds are stripped from the HI phase before it is 
sent to Section 3.  The oxygen product from the SI cycle is vented from Section 1.  No heat 
energy is required in Section 1 and only liquid pumping power is necessary.  The unused 
energy of the SI cycle is largely ejected in Section 1 in the form of low-grade heat. 

3.8.2.2 Sulfuric Acid Decomposition (Section 2) 

Figure 3.8-14 is a flowsheet for Section 2.  Figure 3.8-15 is a detail of the right side of the 
diagram showing the decomposition steps.  The acid is concentrated in a series of vaporizers 
before boiling.  Sulfur trioxide is produced in the gas phase and sent to a high-temperature 
(>800°C) decomposition step to produce sulfur dioxide and oxygen. 
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Figure 3.8-15.  Detail of Sulfuric Acid Decomposition Step 
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As shown in Figure 3.8-15, helium is introduced into the cycle in Section 2.  As previously 
stated, Section 1 requires no heat input, and Section 3 heat is supplied through interaction with 
Section 2.  Thus, the only link between the nuclear heat source and the SI process is through 
heat exchange in the sulfuric acid decomposition step. 

3.8.2.3 Hydriodic Acid Decomposition (Section 3) 

Several methods have been proposed for decomposition of HI.  Electro-electrodialysis has been 
studied, yet there have been difficulties in experimental verification of the technique.  Reactive 
distillation is attractive, as the flowsheet estimated efficiency is approximately 45%.  However, 
the only recent experimental work done (by GA) did not show promising results.  The presence 
of iodine in the distillation column severely hampered conversion of HI.  Thus, extractive 
distillation (previously demonstrated by GA) of the HI-water-iodine (known as HIx) feed has been 
chosen as the technique to be used in the ILS experimental device described in Section 1.3.1. 

With this method, the HIx feed is contacted with concentrated phosphoric acid in a liquid-liquid 
extraction step.  The HI and water are pulled into the acid phase, and the iodine is returned to 
Section 1.  Pure HI is distilled from the water and phosphoric acid and decomposed over a 
carbon catalyst to produce hydrogen.  The acid is reconcentrated and recycled.  This acid 
concentration step by vapor recompression is shown in the Section 3 flowsheet in Figure 3.8-16.  
The major equipment for this section and the others is detailed in the following section. 

3.8.2.4 Major Equipment Description 

Table 3.8-11 is a list of vertical and horizontal vessels to be used in the SI demonstration plant 
associated with the NGNP plant.  The plant will consist of three trains of equipment.  This will 
demonstrate the multi-train process control scheme expected to be used in a full-scale plant.  
Table 3.8-12 is a list of heat exchangers to be used in the NGNP SI hydrogen plant and Table 
3.8-13 is a list of turbo-machinery. 
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Table 3.8-11.  Vessel List for the NGNP SI Plant 

Item Description 
Parallel 
Units 

Vessel 
Length, ft 

Vessel 
Diameter, ft 

C-101 #1 O2 Scrubbing RXR 3 4.2 12.5 

C-102 Lower Phase SO2 Scrubber 3 7.8 20.9 

C-103 H2SO4 Boost RXR 3 2.6 10.4 

C-104 #2 O2 Scrubbing RXR 3 1.6 6.3 

C-105 SO2 Absorber 3 5.7 30.0 

S-101 HP 3-Phase Cyclonic Knockout 3 4.4 23.5 

S-102 LP Flash Drum 3 2.1 4.2 

S-104 Primary O2 Water Knockout Drum 3 1.6 6.3 

Bunsen Reaction 
Section

S-105 Secondary O2 Water Knockout 
Drum

3 1.0 3.7 

S-201 Flash 1 3 5.2 17.2 

S-202 Flash 2 3 5.2 17.2 

S-203 Flash 3 3 5.2 17.2 

S-204 Flash 4 3 5.2 17.2 

S-206 Flash 6 3 4.2 16.7 

S-207 Flash 7 3 4.7 10.8 

S-208 Flash 8 3 4.7 5.2 

S-209 Column Partial Condenser 
Knockout 

3 4.7 10.8 

Sulfuric Acid 
Decomposition Section 

C-201 Column Vessel 3 6.7 20.9 

S-301 Surge Drum C303 Reflux 3 4.6 17.5 

S-303 Flash Drum-1st H3PO4 stage 3 9.4 15.4 

S-304 Flash Drum 2nd H3PO4 Stage 3 6.2 27.7 

S-305 Flash Drum 3rd H3PO4 Stage 3 10.2 18.3 

S-306 S-H3PO4 Separator 3 10.1 38.0 

C-301 Iodine Wash Column 3 10.2 30.8 

C-302 Iodine KO Drum 3 10.2 41.1 

C-303 HI Distillation 3 10.2 37.0 

C-401 HI-I2Distillation Column 3 4.6 36.1 

C-402 HI Absorber 3 7.0 16.4 

C-403 H2S Scrubber 3 6.5 46.7 

S-401 Reactor Effluent V-L Separator 3 5.0 22.6 

S-402 H2-HI Vapor Liquid Separator 3 4.1 16.4 

D-401 Reflux Surge Drum-C401 3 5.7 25.7 

Hydriodic Acid 
Decomposition Section 

R-401 HI Decomposition reactor 3 7.7 46.2 
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Table 3.8-12.  Heat Exchanger List for the NGNP SI Plant. 

Item Description 
Parallel 
Units 

Heat Exchanger 
Area (per 

exchanger), ft
2

R-101 Flow RXR w/ Integral HX 3 693.5

E-102 H2O to CW HX 3 153.3

E-103A H2O to CW HX 3 28.9

Bunsen Reaction Section 

E-103B H2O to CW HX 3 10.0

E-201 Stage 1 Flash Heater 3 1834.6

E-202 Stage 2 Flash Heater 3 150.8

E-203 Stage 3 Flash Heater 3 38.9

E-204 Stage 4 Flash Heater 3 28.0

E-205a Stage 5 Flash Cooler / Prevaporizor 3 316.2

E-205b Stage 5 Flash to CW Cooler 3 10.0

E-207 Partial Condenser for Column 3 12.5

E-208 Column Condenser 3 3588.3

E-209 Column Reboiler / Cooler1 3 579.5

E-210 Helium Prevaporizor Stage 2 3 22.0

E-211 Vaporizor 3 230.0

E-212 Recuperator 3 1361.8

E-213 Decomposer 3 107.7

E-214 Product to CW Cooler 3 60.5

Sulfuric Acid Decomposition 
Section

E-215A Preheater A 3 1655.6

E-302 Intermediate Condenser on C303 3 388.9

E-301 Dilute H3PO4 Cooler 3 1520.3

E-303 Reboiler on C303 3 1047.0

E-304 Condenser on C303 3 2051.3

E-305 Iodine Cooler 3 316.2

E-306 Heater-1st H3PO4 stage 3 1339.6

E-307 Heater-2nd H3PO4 stage 3 951.2

E-308 Heater-3rd H3PO4 stage 3 595.7

E-309  Concentrated H3PO4 Cooler 3 2632.1

E-310 Water Cooler- 1st H3PO4 stage 3 401.3

E-311 Water Cooler- 2nd H3PO4 stage 3 448.5

Hydriodic Acid Decomposition 
Section

E-312 Water Cooler- 3rd H3PO4 stage 3 380.6
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Table 3.8-13.  Turbo-Machinery list for the NGNP SI Plant 

Item Description 
Parallel 
Units 

Shaft
Power 
(Hp)

TE-101 O2 Turbine 3 134.2

TE-102 Water from H2 Scrubber 3 40.2

TE-103A S-101 Overhead Expander 3 134.2

TE-103B S-101 Side Expander 3 56.5

Bunsen Reaction Section 

TE-103C S-101 Bottoms Expander 3 200.8

Sulfuric Acid Decomposition Section TE-201 Flash Water Expander 3 40.2

TE-301 Dilute H3PO4 PR Turbine 3 80.4

TE-302 1st H3PO4 stage PR Turbine 3 40.2

TE-303 2nd H3PO4 stage PR Turbine 3 40.2

TE-304 3rd H3PO4 stage PR Turbine 3 40.2

TE-305 Iodine Power Recovery Turbine 3 40.2

TC-301 1st H3PO4 stage steam comp. 3 5601.0

TC-302 2nd H3PO4 stage steam comp. 3 4783.4

TC303 3rd H3PO4 stage steam comp. 3 3305.1

TE-401 HI-I2 Power recovery Turbine 3 42.8

Hydriodic Acid Decomposition 
Section

TE-402 H2 Power recovery Turbine 3 134.2

Table 3.8-14 is a capital cost summary for the proposed NGNP 60-MWt SI hydrogen plant. 

Table 3.8-14.  Capital Cost Summary for the  
60-MWt NGNP SI Hydrogen Plant 

Cost
($M)

Total Bare Module Cost 158 

Contingency 14 

Total Module Cost 172 

Auxiliary Facilities Cost 4 

Grass Roots Capital 176 
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3.8.2.5 Flowsheet Analysis and Efficiency Assessment 

The flowsheets for each portion of the process have been shown in the above.  Also, as noted, 
there is significant heat exchange between Sections 2 and 3.  Each flowsheet has undergone 
analysis and optimization to maximize overall efficiency.  However, the overall efficiency will be 
dependent upon the temperature supplied by the nuclear heat source.  Figure 3.8-17 is a plot of 
SI cycle process thermal efficiency as a function of temperature. 

Figure 3.8-17.  SI Cycle Process Efficiency vs Temperature 

It must be noted that realistic estimates for the overall efficiency of the SI process are under 
50% for the temperature ranges within reasonable consideration.  However, the thermal 
efficiency will remain above 40% for temperatures as low as 800°C. 

3.9 Helium Services System (HSS) 

3.9.1 Primary Coolant Purification System 

This subsystem provides a means to remove circulating impurities from the primary coolant 
helium, and to transfer those impurities to the radioactive liquid and gas waste systems of the 
facility.  A separate regeneration section within this subsystem is used to remove the impurities 
that accumulate in the purification subsystem adsorbers.  The regeneration section is operated 
periodically under automatic control whenever regeneration is required. 

The primary coolant helium purification subsystem consists of two separate, independent, but 
identical trains of components as shown in Figure 3.9-1.  All of the components that make up 
the trains are mechanically passive in nature; however, the adsorber elements become 
radioactive as the removed impurities are concentrated within the various media.  Each 
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purification train must therefore be located in a shielded vault to minimize personnel exposure to 
radiation.

Figure 3.9-1.  Schematic Diagram of Primary Helium Purification System 

Helium purification is accomplished by routing a small side stream of helium from the primary 
coolant system through a series of purification components.  These components remove the 
following chemical impurities:  Br, I, H2O, CO, CO2, H2 (including Tritium), N2, O2, H2S, Kr, Xe, 
CH4, and other hydrocarbons.  In addition, certain metallic chemical elements and filterable 
particulates are also removed.  To simplify equipment arrangement, fabrication, and installation, 
it is planned to design the purification train as a complete factory assembled and tested module 
that would be installed in a shielded gallery below the floor of the reactor maintenance hall.  The 
purified helium compressor/circulator(s) that distribute the train effluent to the various plant 
users is designed to operate with pure helium.  Since these units process only purified helium, 
they can be installed outside of the shielded area. 

To accommodate the need for subsystem maintenance, and to accommodate regeneration of 
both the low temperature adsorbers and the packed-bed dessicant adsorbers, two identical 
trains of components are provided.  One of these trains is always on-line, while the other is 
either being regenerated or is otherwise maintained in a stand-by status ready for immediate 
use.  All helium transferred from the primary coolant system must first pass through a 
purification train before entering the helium storage subsystem.  Each of these purification trains 
must be capable of supporting the elevated initial mass transfer flow rate necessary when 
performing a routine vessel system depressurization.  This flow rate is expected to be on the 
order of four times the normal purification subsystem flow rate.  Routine operation of the helium 
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purification subsystem employs a constant volumetric flow rate.  Excess helium not needed by 
the users is returned to the primary coolant inventory. 

The water cooling function required by the heat exchanger just downstream of the oxidizer in 
each train must be designed to withstand the maximum operating pressure of the vessel system 
since any leak in the heat exchanger will subject the entire purification cooling water system to 
that pressure.  This consideration also applies to the regeneration section cooler.  To provide 
the necessary cooling, a closed loop purification cooling water system consisting of two 100% 
capacity pumps, one !00% capacity heat exchanger, plus a small surge tank, is included as part 
of the primary coolant helium purification subsystem.  It is this cooling water system that must 
be capable of withstanding the full primary coolant pressure.  Heat from the purification cooling 
water heat exchanger is rejected to the Nuclear Island Cooling Water System. 

Helium purification is carried out by routing a small amount of primary coolant into the high 
temperature filter-adsorber at the front end of the purification train.  The high temperature filter-
adsorber removes iodine, bromine, and metallic impurities, plus filterable particulates such as 
graphite dust. The flow then passes through an oxidizer unit where hydrogen is converted into 
water, carbon monoxide is converted into carbon dioxide, and methane is converted into both 
water and carbon dioxide.  The temperature of the effluent from the oxidizer unit is somewhat 
elevated (relative to the inlet) due to the exothermic nature of the oxidation processes. 

Flow then passes through a heat exchanger to lower the process temperature to around 30°C, 
after which if flows into a packed-bed dessicant adsorber where carbon dioxide and moisture 
are removed.  The purified helium flow now contains only gaseous impurities. 

Flow then enters the inlet side of a low temperature gas-to-gas heat exchanger where the 
helium temperature is reduced to cryogenic levels (approximately 90 K) by exchanging heat with 
the cold helium flow leaving the low temperature adsorber.  From the low temperature heat 
exchanger, the flow passes through the low temperature adsorber where all of the gaseous 
impurities are removed.  The adsorber effluent is directed back through the low temperature 
heat exchanger where the temperature is increased back to near 20°C.  The helium effluent is 
now fully purified, but requires the use of a small compressor/circulator to provide sufficient 
head for distribution to the users. 

When the adsorber elements in a purification train become saturated with impurities, the train 
must be taken off-line for regeneration, and the clean standby train placed in service.  Figure 
3.9-2 shows the general layout and equipment arrangement for the regeneration section.  The 
heavy line represents the flow path for normal regeneration operation. 

A typical regeneration procedure begins with the termination of liquid nitrogen flow to the (now) 
off-line low temperature adsorber.  Regeneration is initiated by first routing a purge flow of hot, 
dry helium through the packed-bed dessicant adsorber in the off-line purification train.  Flow 
continues through the packed-bed until the process discharge temperature exiting the adsorber 
reaches about 350°C.  At this temperature, almost all of the adsorbed impurities have been 
driven off and transferred to the gas and liquid waste systems.  The temperature of the 
regeneration flow is then reduced to about 50°C, with the flow continuing through the packed-
bed dessicant adsorber as necessary to reduce the temperature to near 50°C and to purge the 
bed of residual impurities. 
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Figure 3.9-2.  Schematic Diagram of HPS Regeneration Section 

The regeneration flow is then directed to the low temperature adsorber, with the temperature 
being programmed slowly upward from the initial 50°C.  When the regeneration effluent from the 
adsorber reaches about 150°C, almost all of the gaseous impurities will have been desorbed 
and transferred to the radioactive gas waste system.  Again, the regeneration flow temperature 
is reduced to around 30°C.  This process provides for both purging and cooling of the adsorber 
bed.  Following cool-down, liquid nitrogen is again introduced to re-establish normal operating 
conditions in the adsorber bed.  The freshly regenerated train is then placed in a standby mode 
to await further use. 

The regeneration flow is driven by a small dedicated compressor-circulator.  As shown in Figure 
3.9-2, discharge from this circulator is passed through a high temperature heater to raise the 
regeneration flow temperature as necessary for regeneration of the purification train adsorbers.  
Regeneration flow returning from the purification train is first passed through the regeneration 
cooler heat exchanger to reduce the process temperature, and also to condense out any 
moisture removed from the packed-bed dessicant adsorber.  The regeneration flow then passes 
through the regeneration section packed-bed dessicant dryer where any residual moisture 
contained in the flow is eliminated.  Flow then enters the compressor-circulator inlet.  The 
discharge of the compressor-circulator is routed to the regeneration heater to realize the proper 
temperatures for regeneration of the subsystem components. 
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When regenerating the low temperature adsorber, gases driven from the cryogenic bed will 
increase the regeneration section pressure.  These desorbed gases are vented to the 
radioactive gas waste system using a pressure controller to maintain the normal operating 
pressure.  The initial flow returning to the regeneration section from the low temperature 
adsorber will be extremely cold.  To prevent freezing of the cooling water in the heat exchanger, 
a temperature control valve feeds a small amount of heated regeneration section discharge flow 
back into the incoming regeneration flow just upstream of the heat exchanger to prevent 
freezing the water in the exchanger tubes.  When the train components have completed 
regeneration, the regeneration section packed-bed dessicant adsorber is itself regenerated in a 
similar manner.  A final purge of the regeneration section is carried out to eliminate any residual 
activity, with the purge effluent being routed directly to the radioactive gas waste system via the 
section pressure controller. 

3.9.2 Helium Transfer and Storage System 

The helium transfer and storage subsystem provides for the movement of primary coolant 
helium to and from the vessel system and the nearby helium storage tanks.  During normal plant 
operational load changes, helium is either released to the storage system from the vessel 
system (via the on-line helium purification train), or added [via equalization or the transfer 
compressor(s)], as required to maintain the correct helium inventory in the vessel system.  
Helium is also provided by this system as needed for various purging operations around the 
plant as well as for the maintenance of buffer seal flows and pressures at various locations 
within the primary system. 

This subsystem also provides a source of high-pressure helium for miscellaneous uses within 
the facility.  Makeup helium received at the facility from outside sources can either be stored in 
this subsystem, or transferred directly into the primary coolant system as appropriate.  One or 
more compressors must be provided to assist with helium transfer between the various storage 
tanks and the vessel system.  These compressors are also used to adjust the vessel system 
pressure during routine facility operation to maintain the proper primary coolant density, or 
during a refueling outage when the vessel system pressure is reduced and maintained near the 
normal atmospheric pressure.  Figure 3.9-3 shows a diagram of the helium transfer and storage 
subsystem arrangement. 

The helium transfer and storage subsystem tanks contain sufficient volume to store the full 
primary coolant inventory, plus approximately a 20% reserve volume.  The helium transfer 
compressor(s) must be capable of operating at a suction pressure of slightly sub-atmospheric, 
and to provide a maximum discharge pressure equal to the maximum operating pressure 
expected in the vessel system.  Discharge from the helium transfer compressor is filtered as 
necessary to eliminate any carry-over of impurities from the compression process. 

The helium storage and transfer subsystem must be carefully designed and constructed to 
minimize any leakage from lines, valves, or equipment items in the system.  Since the operating 
medium is pure helium, additional requirements are imposed on the system design and its 
fabrication to minimize (completely eliminate) any inadvertent losses. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

3-194

Figure 3.9-3.  Helium Transfer and Storage Subsystem Schematic Diagram 

The helium transfer and storage subsystem contains a series of high pressure tanks, plus one 
or more compressors capable of increasing the helium pressure from slightly subatmospheric 
up to the maximum established storage tank pressure.  These tanks are divided into two 
sections.  The smaller section is continuously maintained at a high pressure to provide a source 
of pressurized helium for use around the facility, while the remainder of the storage volume is 
sized to accept 120% of the primary coolant inventory.  During reactor operation, the storage 
section is maintained at some low pressure slightly above atmospheric (~200 kPa).  Should 
there be a need to add helium to the primary coolant inventory, the high pressure storage tanks 
could be used by simple pressure equilibration.  The helium transfer compressor could also 
pump (within limitations) from the residual helium remaining in the high volume storage tanks.  
In addition, makeup helium can be supplied directly from an external source (e.g. a tank truck). 

The helium transfer compressor is sized, from a volumetric flow standpoint, to provide for the 
completion of a vessel system depressurization within a specified period of time.  Whenever a 
large volume of helium is transferred between storage and the vessel system, in either direction, 
the overall helium inventory is first allowed to equilibrate in pressure between the two locations.  
Transfer is then completed using the helium transfer compressor.  All helium removed from the 
vessel system must first pass through the helium purification subsystem. 
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Whenever makeup helium is charged into the subsystem from external sources, the helium can 
be routed either directly into the vessel system, or otherwise transferred into the storage tanks.  
Once the external source pressure is reduced to near that of the vessel system (or the storage 
system) the remainder of the makeup helium is transferred by pumping with the transfer 
compressor. 

3.9.3 Liquid Nitrogen System 

The liquid nitrogen subsystem is shown schematically in Figure 3.9-4.  Liquid nitrogen is stored 
in a large cryogenic tank situated at a physical elevation above that of the low temperature 
adsorber units in the helium purification system trains.  Pressure in this tank is maintained at 
approximately 0.4 MPa, while the liquid temperature is maintained at -196°C or colder.  
Elevation of the storage tank relative to the adsorbers allows the system to operate on a gravity 
feed basis, thus allowing the two-phase flow exiting the adsorber to rise by natural convection 
back to the storage tank.  A small cryogenic pump can be used if it is determined that the 
subsystem pressures are insufficient to provide adequate flow. 

Figure 3.9-4.  Liquid Nitrogen Subsystem Schematic Diagram 
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Liquid nitrogen is supplied to the low temperature adsorbers via vacuum-jacketed (or other 
equivalently insulated) transfer piping.  The liquid nitrogen subsystem provides a flow rate 
sufficient to service both low temperature adsorbers on a continuous basis.  Higher flow rates of 
liquid nitrogen are required during the initial stages of a vessel system depressurization when 
the primary coolant helium flowing through the purification train(s) is increased by a factor of 
approximately four. 

A recondenser machine (or machines) is used to draw upon the gaseous volume in the liquid 
nitrogen storage tank to condense the gaseous nitrogen back to a liquid thus rejecting the heat 
energy absorbed by the process flow.  Liquid nitrogen produced by the recondenser(s) drains 
directly back to the storage tank via gravity flow.  This aspect of the system operation requires 
that the recondenser(s) be physically located at an elevation above the cryogenic storage tank.  
Automatic operation of the recondenser(s) will maintain both subsystem temperature and 
pressure as necessary to achieve proper subsystem function. 

Makeup liquid nitrogen can be supplied from an external source such as a tank truck or auxiliary 
storage tank.  Further, if necessary, the liquid nitrogen subsystem can be operated as a once-
through system by continuously supplying liquid from the external source and venting the 
gaseous nitrogen effluent to the atmosphere.  This situation could exist if the liquid nitrogen 
recondenser(s) were not available. 

3.9.4 Tritium Control 

The important function of the primary coolant helium purification system is to remove chemical 
impurities from the circulating helium.  One of the more important of those impurities is tritium.  
This isotope of hydrogen has several sources, all of which are inherent in the design of a high 
temperature graphite moderated reactor.  These sources are: ternary fission, neutron activation 
of the He-3 isotope found in the helium coolant, activation of Li-6 impurities in the core 
materials, principally graphite, and neutron activation of the B-10 contained in the poison 
materials used to control the reactor.  Some degree of restraint over these sources can be 
obtained by careful engineering and manufacturing of the elements from which the impurities 
could be generated.  To the extent that the production of tritium from these sources can be 
minimized, there will always be a certain inventory of tritium circulating in the primary coolant. 

The primary means of minimizing the concentration of circulating tritium, beyond the quality of 
the design and engineering of the sources, is to constantly remove it.  There are two primary 
processes by which this removal can occur in a high temperature graphite moderated reactor.  
One is through chemisorption on graphite, and the second is by way of a primary coolant helium 
purification system.  Studies and investigations over many years have concluded that a very 
large portion of the circulating tritium is adsorbed within the core graphite as a routine function 
of reactor operation.  However, it is considered imperative that an active process should be 
included in the plant design to remove the tritium, thereby maximizing control over this isotope. 
As noted earlier (Section 3.9.1) a helium purification system is included in the plant design to 
accomplish the necessary removal process.  Tritium, which is a hydrogen isotope, is oxidized in 
the purification train to become tritiated water.  This water is then removed from the purification 
system flow in a packed bed dessicant adsorber.  Subsequent regeneration of this adsorber 
releases the tritiated water for transfer to the radioactive liquid waste system from which it can 
be released to the environment under controlled conditions that meet strict regulations. 
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3.10  Plant Operation and Control Systems 

This section contains the pre-conceptual design descriptions for the NGNP reactor protection 
and control systems that are important to reactor operation. 

The unique features of the MHR assure the general public inherent protection against fission 
product release from the reactor core.  In addition, the inclusion of the safety-related Reactor 
Protection System (RPS) and the non-safety-related Investment Protection System (IPS) in the 
NGNP specifically provide the “defense in depth” design strategy that is required for modern 
reactor plants.  Other design areas related to a complete “defense in depth” protection strategy 
are the Essential AC Electric System and the Essential DC Electric System.  Also, systems such 
as the Reactor System contain end-action hardware to perform safety-related and non-safety 
actions.

The Plant Control, Data, and Instrumentation System (PCDIS) provides normal control and 
instrumentation functions, and also provides overall integration of the control and protection 
functions into a combined plant control system.  This system provides normal (main loop) 
cooling if possible following a reactor trip, broadening “defense in depth” design features by 
making the SCS or RCCS less likely to be used for reactor cooling. 

3.10.1 Reactor Protection System and Investment Protection System 

The function of the combined protection systems is to detect and provide corrective action as 
follows:

• Detect and provide corrective action in event of changes (including changes in neutron 
flux and primary coolant flow rate, or temperature) indicating neutron flux elevations in the 
reactor are beyond the range of normal reactor operation. 

• Detect and provide corrective action if changes in the Reactor Building (including changes 
in temperature, pressure and radiation levels) indicate a release of primary coolant at a 
level that could expose the general public to low-level radiation effects. 

• Detect and provide corrective action if conditions of pressure, temperature or flow indicate 
an interruption of normal cooling functions. 

• Detect and provide corrective action if upset of reactor power utilization processes creates 
a condition which could damage major components, such as the TM. 

• Detect and provide corrective action if conditions of pressure and temperature, within and 
around the Vessel System primary coolant boundary, indicate a level of operation that 
exceeds the normal Vessel System design levels.

• Detect and provide corrective action if conditions of environment or service to the reactor 
system indicate an interruption of normal processes that are not protected by 1E electric 
services or are not suited for particular environmental events. Conditions such as an 
earthquake fall into this category. 

The protection systems also provide information to the reactor operator, and thereby becomes 
part of the Control Room interface. 
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3.10.1.1 Additional Protection System Design Requirements 

A complete Reactor/Investment Protection System design is not included in the pre-conceptual 
NGNP design.  The following considerations and requirements should be included at a later 
stage of design: 
.

• All active, passive and inherent NGNP safety features, in addition to specific RPS and IPS 
features, should be included in the safety overview documentation assessing NGNP safety 
for the general public. 

• The final protection system design should support the ability to quickly restore and operate 
the reactor and process systems following an abnormal event. 

• The design should include documentation and analysis that includes transient analysis, 
simulated real-time operations, and event descriptions to support the safety design 
strategy.

• A consistent design approach should be used for both safety-related RPS functions and 
non-safety-related IPS functions, except as required for qualification of “safety-related” 
equipment.

• Processing and decision making equipment for both protection systems and other control 
systems should rely on use of modern digital computer technology to benefit 
implementation of algorithms for processing instrumentation data, issuance of commands 
to end-action hardware, and providing information to the plant operators. 

• Protection systems should incorporate 2-out-of-4 or similar logic to provide redundant 
decision/action pathways that are the least susceptible to “spurious tripping” by reverting 
to 2 out of 3 logic during on-line maintenance or in the event of an equipment failure.  This 
requirement also applies to the essential electric systems. 

• The RPS and IPS must provide real-time information to the operators regarding safety 
status, actions taken, and status of PCDIS heat removal functions that respond and 
provide further action during those events which require automatic or operator initiated 
protective actions. 

• The protection systems must provide real-time data to the PCDIS for information, control 
and PCDIS backup of protection actions.  

• The RPS must perform its functions before, during, and for an adequate time after being 
subjected to a design basis event (DBE). 

• All RPS structures, systems, and components designated “safety-related” must be 
designed under a Quality Assurance Program that complies with the requirements of Title 
10 Code of Federal Regulations, Part 50 (10CFR50), Appendix B. 
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3.10.1.2 Design Basis Events 

A specific event that invokes automatic protective action, such as reactor trip, SCS startup, 
Reactor Building Isolation, etc is referred to as a DBE.  DBEs are representative of abnormal 
plant operation scenarios, each occurring frequently enough to exceed the “beyond design” cut-
off of 1x10-5 occurrences per plant year. In the GT-MHR design, these events were separately 
classified as “safety-related” or “non-safety.”  That practice is continued here. 

The RPS and IPS provide logic and overrides that interrupt normal control actions during a 
DBE.  Tables 3.10-1 and 3.10-2 contain a list of the DBEs for NGNP. 

Table 3.10-1.  NGNP Design Basis Events for Reactor Protection System 

DBE

Number 
RPS Design Basis Events – Event Description 

1 Rapid, sustained control rod withdrawal 

2 Slow, sustained control rod withdrawal 

3 Loss of PCS Precooler coolant flow 

4 Loss of PCS Intercooler coolant flow 

5 Turbomachine trip to non-motoring status 

6 Loss of BOP heat rejection cooling water 

7 Rapid leak of primary helium to Precooler water 

8 Rapid leak of primary helium to Intercooler water 

9 Rapid depressurization of primary helium to Reactor Building 

10 Slow primary coolant leak to Reactor Building (TBD variations) 

In Table 3.10-1, the events are classified as “safety-related” because they lead to a control rod 
trip or isolation of the Reactor Building, which are both NGNP “safety-related” end actions.  
However, the events in Table 3.10-2 do not lead to “safety-related” end actions. 
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Table 3.10-2.  NGNP Design Basis Events Requiring Automatic IPS Action  

DBE

Number 
RPS Design Basis Events – Event Description 

11 Loss of electric load external to NGNP plant 

12 Rapid depressurization IHX secondary helium  

13 Detection of Shutdown Cooling Heat Exchanger (SCHE) leak 

14 Rapid increase in PCS helium pressure 

15 SI Process upset 

16 HTE Process upset 

17 Loss of IHX Primary Circulator 

3.10.1.3 Protection System Setpoints 

Setpoints are the numerical values which are programmed into the RPS and IPS decision logic 
to define intervention levels for automatic protection actions.  Table 3.10-3 shows process 
measurements necessary for comparison with Protection System Setpoints. 

Table 3.10-3 also indicates what instrumentation is needed to obtain the listed process 
measurement. Most of the instrumentation will be provided by systems other than the RPS or 
IPS.  Table 3.10-3 shows the expected safety designations during the instrumentation 
development efforts and the primary interface system.  For example the Reactor Nuclear Power 
measurement impacts both the reactor and concrete structure where the ex-core neutron 
detectors are placed. 

• Nuclear Power Instrumentation — Power-range ex-core neutron detectors will be placed in 
six detector wells, equally spaced around the reactor vessel.  Each well will extend from 
the lower region of the reactor core to the refueling floor.  Access to the detector wells will 
be from the refueling floor. Neutron detection equipment will include Intermediate and 
Power Range Monitoring Channels, and Source Range Detector Assemblies and 
Monitoring Channels. The latter are retractable in-core devices, and entail a significant 
NGNP development effort. 

• PCS Primary Helium Flow Rate — A possible method for deriving PCS total mass flow is 
to measure turbine or compressor parameters and then from these parameters back-
calculate the mass flow from stored TM data.  It will be necessary to measure inlet 
pressure and temperature, pressure ratio, and speed for this purpose.  TM speed is also a 
necessary parameter for normal control operations, and for overspeed protection in an 
electric load loss event (DBE 11). To be effective for this event the speed measurement 
must respond through an extremely short time-constant. 

• Reactor Exit Temperature — Development of a reactor exit temperature instrumentation 
scheme for NGNP is another significant effort to be completed.  The Russian program 
might contribute to this. 
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Table 3.10-3.  Protection System Process Measurements  

Process Measurement Instrumentation 
Required

Safety Designation Interface 

System 

Reactor Power Neutron Flux Safety-related 
Reactor System and 

Building

PCS Primary Helium Flow 
Rate

Turbomachine 
Instrumentation — 
Pressures, Speed 

Safety-related
Power Conversion 

System 

Reactor Exit Temperature 
Temperatures at 

Turbine Inlet and IHX 
Inlet

Safety-related
Power Conversion 

System 

Precooler Exit Helium 
Temperature 

Compressor 1 Inlet 
Temperature 

Safety-related
Power Conversion 

System 

Intercooler Exit Helium 
Temperature 

Compressor 2 Inlet 
Temperature 

Safety-related
Power Conversion 

System 

Heat Rejection Coolant 
Flow Rate 

Balance of Plant
Coolant Water Flow 

Rates 
Safety-related Balance of Plant 

Precooler Coolant 
Radiation Level 

Radiation Detectors Safety-related Vessel System 

Intercooler Coolant 
Radiation Level 

Radiation Detectors Safety-related Vessel System 

Reactor Building 
Temperature 

Reactor Building 
Temperatures 

Safety-related Reactor Building 

Reactor Building Pressure 
Reactor Building 

Pressures 
Safety-related Reactor Building 

Reactor Building Radiation 
Level

Radiation Detectors Safety-related Reactor Building 

IHX Primary Helium Flow 
Rate

Circulator p and 
Speed

Safety-related
IHX Primary Helium 

System 

IHX Secondary Radiation 
Level

Radiation Detectors Non-safety 
IHX Secondary Helium 

System 

He Leak to SCHE Water – 
Pressure increase 

detection 

SCHE Cooling Water 
Pressure 

Non-safety
Shutdown Cooling 

System 

IHX Secondary Pressure, 
Flow

IHX Secondary 
Pressure, Circ p and 

Speed
Non-safety

IHX Secondary Helium 
System 

Electric Plant Status (TBD) 
Non-safety (Except 

TM Trip) 
PCS, TM and Electric 

Systems 

Hydrogen Plant Status (TBD) Non-safety Hydrogen Plants 
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3.10.1.4 Decision Logic 

The Protection Systems incorporate setpoints, processed data, and single or multiple “Trip 
Request” pathways, plus end-action hardware to perform the necessary “System Trip” 
operations.  A portion of the RPS and IPS hardware contains logic processors which provide 
outputs that ultimately initiate specific protection actions — this is called the Decision Logic.

Previous MHR designs, including the GT-MHR design, used 2-out-of-4 protection logic for the 
RPS and IPS hardware to provide nuclear safety design redundancy and separation.  The 
scheme used in the GT-MHR design is shown in Figure 3.10-1. 

CH 1
DECISION

LOGIC

CH 1
2 OUT OF 4

COINCIDENCE
LOGIC

CH 2

CH 3

CH 4

CH 1
INPUTS

CH 1 TRIP A

OR

CH 2 TRIP A

CH 3 TRIP A

OR

CH 4 TRIP A

AND

TRIP A

OR

OR

CH 4 TRIP B

CH 3 TRIP B

OR

CH 2 TRIP B

AND

TRIP B

CH 1 TRIP B

SYSTEM
TRIP

SOFTWARE

HARDWARE

Figure 3.10-1.  2-out-of-4 Protection System Trip Logic 
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Implementation of the GT-MHR 2-out-of-4 logic shown in Figure 3.10-1 is explained below: 

• The redundant Decision Logic processors compare data inputs against predetermined trip 
set points to ascertain if a trip situation has occurred and, if so, a trip request is sent to the 
coincidence portion of the logic.  This Coincidence Logic is also duplicated in four separate 
channels, but each channel receives an input from each decision logic channel. 

• The Coincidence Logic compares trip requests from all channels to determine if two or 
more “like trips” have been requested by the decision logic.  When the coincidence logic 
confirms that two “like trips” have occurred, A and B CHANNEL TRIP’S will be sent 
through the 2-out-of-4 logic shown in Figure 3.10-1.  Then either TRIP A or TRIP B being 
TRUE will cause a TRUE output for the particular SYSTEM TRIP function.  End-action 
hardware associated with each protection function performs the action required by each 
SYSTEM TRIP output. 

The Decision Logic detects abnormal conditions during a design basis event and compares 
these to preset levels at which protective action must begin.  Figure 3.10-2 shows the 
preliminary Decision Logic design for detection of DBEs 1 through 10 in Table 3.10-1. These 
events fall into one or more of the following categories: 

• An abnormal increase in neutron flux 
• Primary coolant release into the Reactor Building 
• Interruption of the normal reactor cooling, or development of conditions, such as leakage 

of primary helium into Balance of Plant (BOP) facilities, that require interruption of the 
normal reactor cooling process 

• An automatic investment protection action, such as a TM Trip, which results in interruption 
of the normal reactor cooling process 

• An operator initiated Reactor Trip 

Figure 3.10-2 shows the logic for safety-related (RPS) trip requests, and parallel non-safety 
(IPS) trip requests.  Figure 3.10-2 shows safety-related logic paths — namely, “Control Rod 
Trip” (reactor trip) or “Reactor Building Isolation” —in red coloring.  All TRUE decisions formed 
from inputs on the left of the logic diagram require a reactor trip and possible parallel actions 
(shown by the blue pathways). 

Combined action of the Protection Systems and the PCDIS maintains normal cooling (instead of 
SCS cooling) whenever possible.  Figure 3.10-3 shows the sequence which was developed for 
the GT-MHR design to maintain normal cooling using only the TM following a reactor trip.  When 
normal cooling cannot be maintained, the logic automatically requests startup of the SCS. This 
discontinues the “Turbine Inlet Temperature Control” mode shown in Figure 3.10-3. 
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Figure 3.10-2.  Decision Logic for Safety-Related and Non-Safety Actions 
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Figure 3.10-3.  PCDIS Normal Cooldown Using Turbomachine Following a Reactor Trip 
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Other interpretations of the logic diagram are explained briefly below: 

• Reactor Trip only group — Decisions that come from events requiring only a reactor trip 
(for example an operator initiated trip or a slow, sustained control rod withdrawal (DBE 2)), 
flow directly into the box labeled “Control Rod Trip,” and thus do not initiate SCS startup. 
Parallel information to the plant control system begins reactor cooldown with normal 
cooling functions13.  All detected events shown by Figure 3.10-2 require a reactor trip, but 
may or may not need backup cooling from the SCS as explained below. 

• Reactor Trip plus SCS Startup group — Decisions that require the use of the SCS in 
parallel with the reactor trip action are contained in this group.  This is because the inputs 
in this group indicate that an interruption of normal cooling is in process.  The SCS will 
then be needed to cool the reactor.  The input from this decision group is thus sent to both 
the box labeled “Control Rod Trip” and the box labeled “SCS Startup.”

• Reactor Trip, SCS Startup, and PCS Isolation group — This group also requires the SCS, 
but in addition requires isolation of water supply sources to the PCS.  It is therefore 
separated to identify the “PCS Vessel Isolation” request, and then added to the group 
above to trip the reactor and activate SCS startup. 

• Reactor Trip plus SCS Startup Decision group — Decisions that require use of the SCS 
because of possible low primary coolant flow rate are separated into this group.  One 
reason for separation of this group is that one of the reactor trip parameters — reactor 
power to flow ratio — does not require use of the SCS in the event of rapid, sustained 
control rod withdrawal (DBE 1).  The associated SCS Startup Decision Logic would remain 
FALSE in this event. However, a major depressurization of the vessel system (DBE 9) 
might in turn require the SCS, but lesser events of this nature would not.  Similar SCS 
Startup Decision Logic to check for impairment of TM flow following a reactor trip might be 
added at a later stage of the design. 

• Reactor Building Isolation and Reactor Trip group — Decisions in this group come from a 
number of safety-related, Reactor Building measurements to detect helium release from 
the Vessel System into the Reactor Building (including major vessel depressurization, as 
mentioned above).  Isolation of the Reactor Building always trips the reactor, but as 
mentioned above, normal cooling is used for reactor cooldown in many of these events. 

3.10.1.5 Protection System End-Action Hardware 

Detection and confirmation precede any actions taken by the Protection System as explained 
above and illustrated in Figure 3.10-1.  Table 3.10-4 shows NGNP Protection System end-
action hardware, and provides more information about the end-action method, safety-related 
status, and the systems that perform end actions. 

13 Normal cooling with the PCS is used because the “defense in depth” strategy requires use of 
the RCCS to be unlikely (multiple failures, etc). Therefore, it is desirable to retain normal cooling 
to cool the reactor following a reactor trip. The SCS is the next choice because it is designed to 
cool the reactor to normal temperature levels quicker than the RCCS and thereby minimize 
interruption of normal operations. The defense-in-depth objective is maximized by using normal 
cooling first, then SCS cooling if normal cooling is unavailable. 
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Table 3.10-4.  Protection System End-Action Hardware 

End-
Action 

Trip or Action Name End-Action Method 
Safety 

Related
End Action 

System 

1 Control Rod Trip 

De-energize Control 
Rod Holding Coils 

(backup — Reserve 
Shutdown System) 

Yes Reactor System 

2
Reactor Building 

Isolation
Close Reactor Building 

Isolation Valves 
Yes Reactor Building 

3
Precooler Water 

Isolation

Monitor Turbomachine 
Shutdown and Close 
Precooler Isolation 

Valves 

No
PCS Vessel 

System 

4
Intercooler Water 

Isolation

Monitor Turbomachine 
Shutdown and Close 
Intercooler Isolation 

Valves 

No
PCS Vessel 

System 

5 SCS Startup 
Monitor Turbomachine 

Shutdown and Start 
SCS

No SCS 

6
Turbomachine 

Overspeed Protection 
Activate Bypass Valve 

and Speed Control 
No

PCS Bypass Valve 
System 

7
Intermediate Heat 

Exchanger Isolation 
and Pressure Balance 

Shutdown circulators. 
Close IHX Isolation 

valves. Start Pressure 
Balance System 

No IHX Vessel System 

8
HSS Charging 

Isolation
Close HSS Charge Line 

Isolation Valves 
No

PCS Vessel 
System 

9
SCHE Isolation and 

Drain 

Close SCHE Isolation 
Valves. Open SCHE 

Drain 
No

PCS Vessel 
System and SCS 
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3.10.2 Plant Control, Data, and Instrumentation System 

The RPS and IPS also provide real-time status, warning, and alarm information to the PCDIS 
consoles and displays in the Control Room.  Additionally, the PCDIS receives information 
regarding protection-events-in-progress to provide follow-up control action and real-time 
information to the plant operators.  Since the PCDIS ultimately provides overall integration of all 
plant control and operation processes, the scope of the PCDIS design effort must include yet-to-
be-developed top-level NGNP operational features as well as development of the Reactor Plant 
control, operation, and information functions. 

Also, PCDIS control specifications, instrumentation specifications, and hardware specifications 
typically incorporate overall BOP control features to provide vendors and AE design teams, 
involved in the final design stage, comprehensive control and instrumentation descriptions. 
Therefore, the scope includes the following: 

• Plant Control Specifications — includes documentation and transients for power operation, 
startup, shutdown, and abnormal operation, as well as control algorithms and logic for 
control software specifications, control architecture strategies for control integration, as-
built acceptance testing procedures, etc. 

• Control Equipment Specifications — includes Control Room consoles, processors, 
electronics, support facilities, control system to plant and reactor system interface 
requirements, instrumentation lists including data base requirements, Human-Machine 
Interface (HMI) assessments, architecture specs for vendor and AE implementation, 
Control Room layout Sketches, etc. 

It is anticipated that, as in past programs, a Control Development Simulator (CDS) model will be 
developed and used to obtain RPS, IPS and PCDIS algorithm sets.  The CDS also provides 
necessary real-time Human-Machine Interface (HMI) assessments and provides a basis for Full-
Scope NGNP Simulator recommendations. 

3.10.2.1 Additional PCDIS Design Recommendations 

A complete PCDIS design should include capabilities and goals as follows: 

• Ability to utilize a “single point” operational command center for all plant operations, but 
which is compatible with inclusion of a “Remote Shutdown” facility. 

• Interactive data system interlinks to various plant activities including communication, 
surveillance, radiation monitoring, and BOP control activities.  

• Information design strategies to quickly understand abnormal events, and thus, support 
the ability to quickly restore and operate reactor and secondary systems following such an 
event.

• Support for licensing efforts with provisions for verification of PCDIS design decisions 
through analytical documentation, including real-time simulator demonstration of required 
operations, control design development analysis reports, systems analysis and safety 
analysis reports. 

• Use of digital computer technology to benefit the implementation of normal-control 
algorithms, which process PCDIS instrumentation data, issue commands to PCS end-
action hardware, and provide operator information. 

• A redundant design strategy that provides (TBD) reliability. 
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• Provision of real-time information, available on all operator interfaces, regarding action 
taken and status of plant processes.  

• Provision of Operation Manuals and Capability Specifications to aid operators in 
performing all plant control operations for all conditions. 

3.10.2.2 Plant Control Design 

Plant control (PCDIS) design relies on a selection process using detailed computer-based 
simulation of control and plant features. An iterative study process to assure the compatibility of 
the control related plant features and the planned control methods is expected for NGNP prior to 
specification of the final plant control systems.  The following control related features are of 
great importance to operation of the NGNP plant. 

Reactor Power Control and Nuclear Instrumentation System.  The Reactor System contains 
Control Rods and Control Rod Drive stepping motors to move the control rods.  In addition, ex-
core nuclear instrumentation and reactor temperature instrumentation is provided.  Reactor 
outlet temperature is either stabilized (held constant) or adjusted up or down by the PCDIS 
during many of the plant operations (e.g. startup, shutdown, electric power change or load loss, 
H2 plant changes, etc) by interaction with the Control Rod Drive system.  Also, reactor criticality 
and low level power control is achieved through control rod movement and use of Source 
Range nuclear instrumentation. 

PCS Electric Power Generation and TM “Motoring” Control.  The PCDIS uses the Bypass 
Control Valve System and the Inventory Control System to establish electric power output.  To 
regulate TM speed, a Static Frequency Converter (SFC) and equipment for interaction with the 
electric power grid is provided.  This equipment also provides the means to drive the electric 
generator as a motor during off-grid startup and shutdown operations.  The PCDIS uses the 
generator “motoring” feature to establish self-sustaining flow and pressures in the TM during 
startup and to maintain TM flow below self-sustaining conditions during shutdown. 

PCS TM Bypass Control Valve System.  The PCDIS not only uses this system for TM control 
during startup and shutdown, but also during rapid (5% per minute) electric load changes (load 
reduction only). The Bypass System also provides TM overspeed protection in the event of 
electric load loss (DBE 11 in Table 3.10-2).  The design requirements for these two control 
features are so widely separated that a compound Bypass System containing larger and smaller 
bypass valves may be needed (as with the OKBM design). 

Helium Supply System Primary Helium Charging and Removal/Purification Inventory 
Control System.  This system allows electric power output adjustment under fixed-speed TM 
operation without impairing NGNP power generating efficiency because inventory management 
allows primary helium mass flow rate to change without significant deviation from the ideal TM 
operating line.  If bypass control is used as the means of adjusting electric power output instead, 
efficiency is greatly diminished as the electric output is reduced14.  Of further note is the GT-
MHR requirement that only purified helium should be stored during “inventory control” operation.  
While electric power output adjustments at a slow rate, such as 0.5% per minute, can be 
accomplished with inventory control, helium cannot be purified fast enough to reduce electric 
output at a fast rate, such as 5% per minute.  This resulted in combined inventory/bypass 

14 However, less efficient electric power generation might be acceptable for some dual-
production operations not requiring formal demonstration of the optimized electric power 
production capability.
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control for rapid electric power reduction.  However, short-term assistance from the bypass 
system does not significantly affect overall efficiency.  And for an electric power increase, there 
is no comparative difficulty since stored helium can be returned rapidly to the PCS if re-injected 
at the compressor inlet.  The NGNP Electric Plant needs both inventory control and bypass 
control features for electric load adjustment.  The PCDIS operates these simultaneously to 
obtain the required electric power ramps or steps. 

Helium Circulation Systems.  The primary helium circulator allows control of a portion 
(approximately 11%) of the total reactor flow.  It is anticipated that the Primary Helium 
Circulation System will include variable frequency speed control electronics, and that these 
features will control that portion of the reactor flow which is used by the IHX.  The Secondary 
Helium Circulation System will similarly control secondary helium flow to manage temperature at 
the level needed for the hydrogen production plants.  Figure 3.10-4 shows the top level 
temperature control scheme for the Reactor Plant as well as Electric Plant inventory and bypass 
control features.  It is assumed that the GT-MHR inventory-bypass control-command scheme 
can be used for the NGNP Electric Plant.  The NGNP Electric Plant includes Reactor Plant 
features, shown in Figure 3.10-4, along with necessary facilities such as waste-heat rejection, 
electric supply, electric power generation, etc contained in the Balance of Plant (BOP). 

Hydrogen Production Plants Pressure and Flow Control Systems.  The PCDIS will require 
specific control related functions in each of the Hydrogen Production Plants to adjust/balance 
flow rates and to adjust temperatures in tertiary flow systems.  Real-time simulator analysis 
sequences will be completed to determine the exact nature of these functions.  For this, it will be 
necessary to describe major features of each of the Hydrogen Production Plants.  The 
Hydrogen Production Plants include all of the HTE and SI process facilities and the secondary 
helium circulation facilities. 

3.10.2.2.1 NGNP Startup 

The plant control scheme developed for the GT-MHR program provided a preliminary basis for 
the type of control actions depicted for NGNP in Figure 3.10-4.  Since documentation describing 
GT-MHR analytical modeling, control algorithms and command parameters related to the 
electric production might also be useful to the NGNP control, one area explored in the GT-MHR 
design — plant startup — is discussed below. 
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A GT-MHR simulation run helped determine the essential operations involved in starting the GT-
MHR electric plant from cold reactor conditions.  It is anticipated that the NGNP can utilize 
essentially the same method, with the exception that IHX warm-up will have to be started near 
the end of the electric plant startup sequence. The GT-MHR startup sequence took 
approximately 12 hours, so it is likely that NGNP will require a longer period to bring all facilities 
to full operating condition.  The steps identified in the GT-MHR sequence are listed below. 

1) The Vessel System is pressurized to a low level (about 7% of operating inventory).  The 
heat rejection system is started with cooling water flow through the Precooler and 
Intercooler.

2) The TM overspeed bypass valves are fully opened.  (It appears that this is part of a 
strategy to minimize the generator “motoring mode” loads, and thus reduce the required 
Static Frequency Converter [SFC] power required for TM spin up and acceleration to 
operating speed.)  The TM shaft is levitated and centered prior to the start of rotation and 
the SFC is then used to motor the TM up to operating speed15.

3) The reactor starting conditions are zero power and zero decay heat with all rod banks 
inserted and the reactor subcritical.  Control rod withdrawal is initiated after about 1 ½ 
hours in the GT-MHR simulation run.  (This could be started sooner.)  Nuclear power 
control is initiated at a very low power level (< 0.5%), and the inventory and reactor 
power are raised manually16 in small increments and the bypass is gradually closed to 
about 15%.  In about 6 ½ hours the inventory had been increased to 50%. 

4) At about 7 ½ hours, with reactor power raised to approximately 20% for core heat up, 
and with reactor exit temperature transiently at roughly 350°C, the TM becomes capable 
of self-sustained operation at zero net power and is synchronized to the grid. 

5) At about 9 ½ hours, after reactor temperatures stabilize, the automatic reactor exit 
temperature control loop is closed and the reactor exit temperature setpoint is advanced 
to 850°C at about 5 1/2° C per minute.  This is actually accomplished by advancing the 
electric power setpoint to 50% because this automatically advances temperature at the 
5.5°C per minute rate if it is low (as during startup).  The bypass valve, which is 
automated as part of the electric output control (when inventory control is insufficient), 
then automatically closes as the operation ensues. 

6) The approximate 50% operating conditions are reached in about 11 hours.  The 
inventory control loop is then closed and the electric power setpoint is advanced from 
50% to 100%.  This allows inventory and reactor power to increase automatically in 
response to the electric power rate-of-advance schedule selected by the operator for the 
load-ramp up to the 100% condition.  The GT-MHR plant is stable at 100% electric 
power output in about 12 hours. 

In the NGNP startup operation, it is anticipated that a series of operations following step 6, 
above, will be developed to bring the hydrogen production plants on-line after reaching an 

15 As for the GT-MHR, a SFC will be needed to motor the NGNP TM during startup and 
shutdown.  The required SFC power level varies, but should not exceed the 20 MW capability 
provided for in the GT-MHR design.  Per OKBM, the SFC design power for the U.S./RUSSIAN 
International GT-MHR for w-Pu disposition is only 6 MW.
16 Design of the startup automation features for the GT-MHR was never fully completed.
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“electric only” production level at about 89% reactor power. This is the “All Electric 1” mode 
shown in Table 3.10-5 below. This intermediate stage was excluded in the GT-MHR because 
the dual production objectives of the NGNP did not exist.  It may also be necessary to include 
preliminary steps for IHX warm-up and secondary pressurization in earlier stages of the NGNP 
startup process as well.  

3.10.2.2.2 NGNP Operating Modes 

The anticipated NGNP operating modes shown in Table 3.10-5, below, should provide flexibility 
to demonstrate stand-alone electric production as well as the dual-mode NGNP production 
capabilities. 

Table 3.10-5.  NGNP Operating Modes 

Production Mode 
Reactor MW 

Electric

Reactor MW 

Hydrogen 

Production

Objective 

All Electric 1 535 0 

Achieve approximately 90% electric 
output capacity with hydrogen 
production or full electric options 
available.  This mode is attained 
during NGNP startup and precedes 
NGNP shutdown. 

All Electric 2 600 0 

Achieve maximum electric output at 
100% reactor power.  This mode is 
used to demonstrate electric 
production capability such as load 
following to 50% output, step load 
change, etc. 

Electric/ 

Hydrogen 
535 65 Produce hydrogen and electricity. 

Maintain stable hydrogen production, 
but allow load change if necessary. 

The Hydrogen Production capability will involve Reactor Plant control features to manage IHX 
heat transfer, secondary helium flow, and IHX temperatures.  These features were, of course, 
not included in the GT-MHR electric plant.  Figure 3.10-4 shows some of the new NGNP 
controls with those previously developed for the GT-MHR plant.  Further explanation follows 
briefly below: 

Reactor Power and Temperature Control.  This previously developed control scheme is used 
for NGNP steady or transitory Reactor Exit temperature control.  The control uses an outer 
temperature control loop, feeding an inner reactor flux control loop, and connected to a Control 
Rod Drive System as depicted in Figure 3.10-4.  Control rod withdrawal/insertion sequencing is 
based on selective “one-at-a-time” rod withdrawal or insertion from predetermined control rod 
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banks.  Also, as in past designs, a non-linear configuration of the temperature control algorithm 
is applied through inclusion of total reactor mass flow rate to adjust for reactor core thermal 
“time-constant” variation over a wide range of reactor flow rate.  This is not shown in Figure 
3.10-4, but it is based on the sum of the two primary flow measurements which are shown.  This 
scheme allows consistent “tight” adjustment of reactor power through the operating range in 
spite of the large core thermal effects which are characteristic of HTGR reactors. 

Primary Helium Circulator Flow Control.  This control feature is added for NGNP.  The 
control scheme will be developed on the basis of maintaining IHX primary flow in proportion to 
the reactor flow.  Circulator p and speed measurements to obtain primary helium flow rate will 
need to be added to the instrumentation scheme discussed in section 3.10.1.3 (PCS Primary 
Helium Flow Rate), to assure that the total reactor flow rate measurement is available for control 
and protection. 

Secondary Helium Circulator Flow and Temperature Control.  Also an added control 
feature. This control will be used to balance flow rates, but its primary purpose will be to 
maintain secondary helium exit temperature at the level required for hydrogen production. 

Helium Inventory and Bypass Valve Control.  These are primary control features for the 
electric production plant. The Bypass Valves are the only means of arresting the TM speed 
transient following a load loss event. 

None of the auxiliary system controls, including those for the hydrogen plants have been 
considered at this point. It is likely that the hydrogen production facilities will require automation 
features to assure compatibility with Reactor Plant operations and to deal with upset events 
where termination of the hydrogen production operations is required. Several types of Hydrogen 
Plant shutdowns are identified in Table 3.10-6. 

3.10.2.2.3 NGNP Plant Interactions 

Table 3.10-6 also identifies areas of plant interaction to be considered in the next stage of the 
control development effort.  It will be necessary to develop the plant simulation capabilities 
mentioned previously in order to identify interactions which require automatic overrides or 
shutdown controls.

Important plant interactions that should be addressed in the preliminary control development 
analysis efforts are explained as follows: 

• Reactor trip (initiated by the RPS) will immediately initiate the Electric plant shutdown 
sequence depicted by Figure 3.10-3.  A major objective in the control response sequence 
following a control rod trip is to lower the reactor exit temperature as rapidly as possible. 
This is to protect PCS components.  For this reason the Electric Plant remains connected 
to the grid for two minutes to allow TM flow rates to remain high and to maintain helium 
exiting the turbine at normal temperature levels during the early part of the shutdown 
transient while the reactor is cooling.  In the GT-MHR, Reactor Exit temperature was 
reduced about 200°C within the first 2 ½ minutes following a reactor trip, and was reduced 
from 850°C to about 540°C within 15 minutes after the trip. It is anticipated that Hydrogen 
Plant processes will have to be stopped in a similar rapid-response fashion. 
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Table 3.10-6.  Hydrogen Plant Shutdown Type 

No. Shutdown Initiator H2 Production Status Shutdown Type 

1 Reactor Trip 
Production temperature 
lowered immediately by 
Reactor Trip controls. 

Automatic 

2
Normal Reactor Plant 

Shutdown

Production temperature will 
be lowered during shutdown 
process. 

Automatic with Operator 
Notice 

3 Electric Load Loss 

Production temperature can 
be maintained, but not reactor 
flow rate. Recovery possible, 
but Reactor Plant standby 
time at temperature is limited. 

Automatic 

4
Multiple H2 Plant 

Upset 

Production temperature can 
be maintained, but 
maintaining H2 Plant at 
standby condition may not be 
possible. 

Automatic or Operator 
Decision 

5 Single H2 Plant Upset 
Production temperature can 
be maintained. 

Operator Decision 

• Overspeed protection following loss of the Electric Plant grid connection (initiated by the 
Investment Protection System) requires diversion of a large part of the reactor flow. 
Reactor flow rate drops to about 70% within 10 seconds following loss of the grid 
connection.  While the bypass control scheme for Electric Plant can recover and maintain 
the TM speed, it is undesirable to stay at high reactor power and temperature because the 
large heat rejection loads through the Precooler and Intercooler pose limiting requirements 
for this event.  It is anticipated that the Hydrogen Plant processes will have to be shutdown 
immediately in this event.  But, it is also possible that protection action to isolate the IHX 
will be required to assure that reactor flow rates stay as high as possible. Since reactor 
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pressure also drops about 10%, it may be necessary to operate the IHX Pressure Balance 
System17 during this transient.  The GT-MHR scheme to reduce inventory and 
temperature for Electric Plant standby in this event will also have to be re-evaluated. 

• Hydrogen Plant multiple upset events pose a new category of Design Basis Events 
(DBEs).  A loss of the secondary helium circulator is one new DBE that would cause a 
multiple Hydrogen Plant upset.  Protective action may be required because of a potential 
36° C rise in reactor inlet temperature following this event.  Although the Reactor Exit 
Temperature control system reduces exit temperature following a rise of reactor inlet 
temperature, a thorough evaluation of this scenario should be completed to assure that 
Electric Plant stability can be retained.  An important consideration is that Reactor Exit 
temperature (aka Turbine Inlet temperature) is a reactor trip parameter (see Figure 3.10-
2).

• Hydrogen Plant single upset events must also be included as a new category of Design 
Basis Events (DBEs).  For example, a disruption of the heat utilization process in one of 
the Hydrogen Plants might in turn cause a proportional reduction in secondary helium flow. 
However, this should not prevent continued operation of the other Hydrogen Plant or the 
Electric Plant.  The design of the “IHX Secondary Circulator Flow and Temperature 
Control,” shown in Figure 3.10-4, might include adjustment of the “IHX Primary Flow Rate 
Schedule” to stabilize the remaining Hydrogen Production plant following this event.  

3.10.2.3 Plant Control Equipment 

Detailed features of the control equipment for the Electric Plant and Hydrogen Plants are to be 
determined.  Control equipment includes control room consoles, processors, electronics, and 
support facilities. 

Protection System (RPS and IPS) and PCDIS equipment interfaces are structured in specific 
ways to provide the necessary interfaces in the Central Control Room(s) and in the Remote 
Shutdown Area. Important considerations are listed below. 

Separation of Protection Functions.  Separate information networks and control interfaces 
are needed for safety-related operator actions.  Follow-up safety information after automatic 
Investment Protection System or PCDIS actions to appraise the operators of other warnings, 
alarms, equipment conditions, etc. must also be maintained on separate plant information 
networks.  Figure 3.10-5 provides a cryptic portrayal of the logic involved. 

Multi-Level Information Hierarchy.  Figure 3.10-5 also shows necessary “levels of 
information” features that should be provided in a modern nuclear plant.  The top level, “Plant 
Information Network” gathers information from all lower levels of the information hierarchy, 
including non-operational plant data, and makes this information available to the operators after 
varying degrees of processing have occurred. This allows the operators to make operational 
decisions based on all available information — including outside events.  A “Plant Control 
Network” is provided for rapid control response to operator commands and to inputs produced 
by control algorithms that continually act on plant data being received.  Plant data is provided 
from the information gathering processors — also part of the PCDIS, but distributed throughout 

17 Table 3.10-4, end-action 7 shows the IHX Pressure Balance System. Its purpose is to reduce 
high-temperature IHX pressure loads.
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the plants.  The “Distributed Network” processors may also receive instructions from the Plant 
Control Network and issue end-action commands through digital-to-analog hardware. 

Modern Gigital Display Interfaces.  The operator display features in the NGNP plants are To 
Be Determined (TBD). 

“Command View” Arrangement.  All control associated buildings, consoles, displays, lighting, 
viewing areas, etc should achieve supervisory overview, minimize Control Room staffing, 
optimize operations and minimize downtime, enhance maintenance activities, and create wide 
visibility for all reactor and plant operations.  Previous HTGR programs, such as the CEGA 
Tritium Production Plant, support this approach and offer specific design selections which may 
be utilized for NGNP. 

3.10.3 Plant Monitoring System 

The Plant Monitoring System will provide information and control through the PCDIS (System 
34).  Information gathering features of System 34 or System 35 have not been specifically 
determined for the NGNP at this point.  However, some progress in this area was completed 
under the GT-MHR and the CEGA Tritium Production Plant programs.  Additional information 
may be available from the Russian program. 
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3.11 Balance of Plant and Auxiliary Systems 

3.11.1 Waste Heat Rejection System 

3.11.1.1 Circulating Water System 

The primary function of the Circulating Water System (CWS) is to supply cooling water to the 
heat exchangers in the Power Conversion Cooling Water System (PCCWS).  The PCCWS is a 
closed loop system that services the pre-cooler and intercoolers located in the PCS Vessel.  
The CWS provides for other heat removal functions associated with the reactor, although these 
functions are not essential to reactor safety. 

The PCS heat exchangers are installed in the Auxiliary Building located at grade level adjacent 
to the RB.  The CWS supplies cooling water to each of the two PCS heat exchangers in a 
parallel piping arrangement.  The piping is installed below grade, and runs between the heat 
exchangers in the Auxiliary Building and the plant cooling towers. 

The CWS is designed to reject approximately 356 MWt.  This figure is based on a reactor power 
level of 600 MWt, and reflects the normal heat rejection requirements of the PCS heat 
exchangers, plus a 15% margin.  The circulating water pumps are located in a pump house 
structure adjacent to the cooling tower basin.  Each pump is sized to provide one-half of the 
total system flow.  Auxiliary circulating water pumps (2) each having a capacity of about 5% of 
the overall system flow, are also provided to maintain continuous flow in the CWS in the event 
that both of the main pumps are not available, or during plant shutdown periods when the 
system heat load is at a minimum. 

3.11.1.2 Cooling Towers 

Because the NGNP will be located in a region where water is scarce, the waste heat will be 
rejected through a dry cooling tower.  The physical design of the tower will take into account the 
required heat rejection rate and the natural tendency of the internal air flow patterns within the 
overall structure, and will generally assume a converging-diverging (hyperbolic) configuration. 

A dry cooling tower can be constructed in which the upward air flow within the tower is 
generated by a natural draft process.  The physical height of this type of tower may be quite tall 
based upon the needs of the process and the range of local air temperatures that provide for 
cooling within the tower.  If the required upward air flow cannot be obtained on a natural draft 
basis, the process could be assisted by the use of a large fan or a series of fans to ensure that 
the necessary air flow can always be maintained.  The total electric power needed for a typical 
dry cooling tower fan installation would be on the order of 5 MWe in support of the heat rejection 
requirements from the single 600 MWt reactor plant.  Figure 3.11-1 shows a sketch of a dry 
cooling tower for a 600 MWt GT-MHR system.  As shown in Figure 3.11-1, the dimensions of a 
dry cooling tower for one module of 600 MWt are D1 = 80 , D2 = 40 m, and H2 = 12 m. 

The temperature of the circulating water discharging from a typical dry cooling tower is a 
function of the local ambient air temperature that supplies the tower.  Use of dry cooling towers 
also leads to a reduction in the overall efficiency of the facility since the heat rejection 
temperatures will be considerably higher than what could be obtained with a wet cooling tower 
system.  However, to some extent, the maintenance cost for a dry tower system is significantly 
less than for a series of wet towers.  The economics of dry cooling is discussed in a paper 
provided in Appendix A. 
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Figure 3.11-1.  Dimensional sketch of a Natural Draft Dry Cooling Tower for the NGNP 

3.11.2 Spent Fuel Cooling System 

Spent fuel removed from the reactor is placed in a series of dry, helium-filled, closed and sealed 
storage wells located below the operating floor level in the reactor hall.  Spent fuel elements that 
are stored in these wells generate decay heat that must be removed to prevent the development 
of unacceptable fuel element temperatures.  This decay heat is removed by the Spent Fuel 
Cooling Water System. 

The spent fuel storage wells are arranged in a spent fuel pool in which the wells are completely 
surrounded by the water coolant.  Two spent fuel cooling water pumps, each of 100% capacity, 
provide for continuous circulation of the water.  One of these pumps is maintained in normal 
operation while the second pump is held in a standby capacity if needed.  Whenever spent fuel 
is stored in the wells there must be cooling water flow to and from the pools at all times.  Warm 
water exiting the pools is routed to a single 100% capacity air blast heat exchanger located 
outside of the reactor hall at an appropriate distance from the building.  Water cooling can be 
lost for short periods of time without deleterious effects since the water inventory in the pool 
system provides considerable thermal capacity.  In the event that cooling water to and from the 
pool cannot be maintained, a lengthy outage of this system would eventually result in boiling of 
the pool water.  However, there is ample time before this point would be reached in which an 
auxiliary supply of cooling water to and from the pool could be established, and therefore, 
boiling is not likely to ever occur. 
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3.11.3 Nuclear Island Cooling System 

The Nuclear Island Cooling Water 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) 
• Gaseous Radwaste System Compressors 
• Helium Transfer and Storage System (Transfer Compressors) 
• Various Nuclear Island Sampling Systems 

The Nuclear Island Cooling Water 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 system pressure is maintained by controlling the cover gas pressure in 
the surge tank.  Since water temperatures in this system are not expected to exceed 120°F, the 
normal system operating pressure is set at a level just slightly above that of the local 
atmosphere.  The Nuclear Island Cooling Water System remains in continuous operation at all 
times.  Since the system is arranged as a closed loop, it also functions to prevent the transport 
of potentially radioactive contaminants to the local environment. 

3.11.4 Essential Plant AC Electrical System 

Power to certain AC electrical loads in the facility must be maintained at all times even if the 
normal plant AC power system should become unavailable.  These loads include low-voltage 
switchgear, certain motor control centers, power distribution centers, transformers, and control 
panels that interface with the Standby Power System.  The Essential Plant AC Electrical System 
assures that electric power is maintained to critical loads in the main facility control room, the 
Nuclear Island HVAC system, the DC system battery chargers, and other essential functions as 
needed.  Loss of normal AC power causes an automatic start of the Standby Diesel Generators, 
followed immediately by restoration of power to the essential AC facility loads. 

3.11.5 Essential Plant DC Electrical System 

The Essential Plant DC Electrical System supplies power to various safety-related equipment 
items in the Nuclear Island area.  These loads include the independent 125-V DC battery 
system that provides the primary source of safety-related and redundant DC power within the 
facility, plus associated switchgear, switchboards, and panel boards.  The system also supplies 
power to the non-safety-related battery chargers at a level that will ensure a reliable supply of 
safety-related DC power to certain instrumentation and control loads throughout the plant. 

The Essential Plant DC Electrical System is rated as Class 1E.  The DC storage batteries are 
un-grounded and are operated at a normal float charge that will ensure that the batteries are 
maintained in a fully charged condition at all times.  The battery charging system must be 
capable of powering its assigned loads, while also restoring a discharged battery to a fully 
charged state within a given period of time. 

Certain AC loads within the plant control systems are designated as being supplied with un-
interruptible power.  These loads would normally be powered by the Essential Plant AC 
Electrical System.  Any loss of AC power to these critical loads would be instantaneously 
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restored through the batteries within the Essential Plant DC Electrical System via inverters.  
This arrangement satisfies the requirement for un-interruptible power to these critical AC loads. 
Upon loss of AC power to the battery charger, the associated battery must be able to support its 
assigned loads for several hours.  Since the system is classified as 1E, all of the Essential DC 
Electrical System must be designed for protection against natural phenomenon as well as 
internally generated missile damage. 

Backup battery chargers are provided to ensure the continuous operation of the charging 
system in case of a malfunction or during a planned maintenance outage.  Cross-tie circuitry 
between the various DC buses is included to allow continued operation of the overall system 
during such outages. 

3.11.6 Nuclear Island HVAC System 

The Nuclear Island HVAC System provides services to the Reactor Building, the Reactor 
Maintenance Enclosure, the Reactor Auxiliary Building, and the Helium Storage and Service 
Buildings.  The primary functions of the Nuclear Island HVAC System are to establish and 
maintain acceptable building environments during both normal and off-normal plant operating 
conditions, and to assure that certain environmental requirements are met for operator 
occupancy, equipment, component, and instrumentation operability, and during periods of 
maintenance.  The system also provides a pathway for the controlled discharge of gaseous 
waste from the radioactive gas waste system, as well as assuring personnel protection from 
toxic gases, smoke, fumes, and dust that could be generated within the various buildings. 

The Nuclear Island HVAC System consists of an arrangement of coolers that maintain a supply 
of filtered air at temperatures necessary to assure protection and maintenance of certain 
concrete temperatures within the facility, most notably the Reactor Building walls surrounding 
the reactor vessel.  The reactor air supply is configured as a once-through system, with the 
discharge being routed through a series of filters and radiation monitors before being 
discharged to the local outside atmosphere.  This particular air supply is especially important 
during a refueling period.  The entire Nuclear Island HVAC System is arranged such that the 
ventilation flow moves from areas of lesser potential contamination to those of greater potential 
contamination.  This feature assures that radiation and contamination levels within the plant are 
maintained at levels that are as low as reasonably achievable, and that personnel access to all 
normal operating areas can be assured at all times. 

The Nuclear Island HVAC System uses plant chilled water for temperature control of the supply 
air, while unit heaters are strategically located within the various buildings served by the system 
to help control winter season temperatures.  Various sensors and instruments are located within 
the system, with the output signals being routed to the control room.  Abnormal system 
conditions are alarmed as required to initiate corrective action. 

For building volumes that must be maintained at a slightly negative pressure with respect to the 
local atmosphere, the HVAC provides ventilation, cooling, and heating services for the supply 
air.  The exhaust air flow is controlled to assure maintenance of the required negative pressure, 
and is monitored for radiological content and filtered to prescribed standards. 

3.11.7  BOP HVAC System 

The Balance of Plant HVAC Systems provide heating, ventilation, and air conditioning services 
to the following buildings: 
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• Reactor Service Building 
• Main Control Building 

• Radioactive Waste Management Building 
• Administration Building 

• Personnel Service Building 
• Maintenance Building 

• Auxiliary Services Building 
• Remote Shutdown Building 

• Hot machine Shop 
• Cold Machine Shop 

• Security Structures 
• Storage Facilities 

• Miscellaneous Support Buildings 

3.11.7.1 Reactor Service Building HVAC System 

The Reactor Service Building HVAC System provides ventilation for all areas of the building, 
except for the Fuel Sealing and Inspection Facility which contains a helium atmosphere.  The 
HVAC System is designed to maintain the thermal environment within certain limits as required 
for personnel comfort and proper operation of the contained equipment.  The system contributes 
to a reduction in possible occupational ingestion of airborne contaminants by plant operating 
personnel through continuous purging of the building air volume. 

The system is designed as a once-through arrangement that draws on outside atmospheric air 
and distributes it first to those areas of the building that have the lowest potential for airborne 
activity.  The resulting ventilation air flow then moves progressively toward areas of higher 
levels of potential contaminants in such a way as to eliminate the migration of airborne 
contaminants into the relatively clean areas of the building.  Ventilation air exhausted via this 
system passes through filtration and monitoring systems before being released to the outside 
atmosphere.

The system is designed to operate continuously at all times during all modes of plant operation.  
System functions are controlled and monitored automatically from the main control room.  
Abnormal system conditions or functions are alarmed and annunciated in the main control room. 

3.11.7.2 Main Control Building HVAC System 

This system provides a habitable environment in the main facility control room to ensure 
creation and maintenance of conditions that are suitable for safe plant operation and 
uninterrupted personnel occupancy during all plant operating modes (except for a fire in the 
control room itself).  The system maintains ambient conditions throughout the building within 
specified limits of temperature, relative humidity, pressure, airborne radioactivity, and toxic 
material concentrations. 

All references to the “control room” include the “control room envelope” which functions as a 
barrier against the outside environment, airborne radioactive contaminants, intrusion (security), 
and fire.  This envelope also provides a physical barrier designed to withstand seismic events, 
missiles, and tornados. 
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The principal components of the control room HVAC System are the air conditioning units that 
provide for temperature and humidity control of the supply air, and filtration units that remove 
particulates as well as absorb airborne radioactive iodine following a plant accident.  The 
system is designed to isolate the outside air intakes in the event of a toxic gas release in the 
external plant vicinity, and to activate purge fans to exhaust smoke in the event of a fire in the 
control room. 

Similar HVAC Systems are provided for the electrical equipment rooms to ensure proper 
environments for operation of the electrical components, and to eliminate the possibility of 
hydrogen gas accumulation in the battery rooms. 

An HVAC System is also provided within the Radioactive Waste Management Building to 
maintain thermal and air quality conditions suitable for both equipment and personnel, and to 
minimize the presence of airborne radioactive contaminants.  This system draws in filtered 
outside air, and exhausts it through a series of filters and monitors to the outside environment.  
The movement of air through this building is designed to flow in the direction of progressively 
higher potential airborne contaminant levels.  The system, once started, remains in continuous 
operation, with machine and equipments status, key variables, and alarms being monitored and 
observed from the local Radwaste Building control room. 

Other buildings and facilities of the overall complex, as noted above, are also equipped with 
appropriate HVAC systems based on the functions and activities that are expected to occur in 
each of them. 

3.11.8 Power Conversion Handling System 

All of the equipment contained within the PCS is designed for removal 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. 

Initiation of equipment removal within the PCS vessel would normally require that the reactor 
core be cooled via the SCS.  If it is deemed necessary, all of the nuclear fuel in the entire 
reactor core could be removed from the reactor vessel thus minimizing personnel radiation 
exposure in the power conversion area from the fuel elements.  With the source of decay heat 
removed from the reactor vessel, the cooling function provided by the SCS could be minimized 
or possibly eliminated altogether.  With the nuclear fuel removed, radiation levels in the power 
conversion area would be greatly reduced. 

The equipment items required to perform remote removal of the power conversion equipment 
are quite heavy (e.g. casks and adapters, up to 300 tons).  Handling equipment capable of 
these loads must be factored into the overall facility design. 
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3.11.9 Radioactive Waste and Decontamination System 

This system collects, segregates, processes, stores, and disposes of the radioactive liquids, 
gases, and solid wastes that are generated during operation of the plant.  The radioactive waste 
handling facilities are located in the Radioactive Waste Management Building. 

3.11.9.1 Radioactive Liquid Waste Management 

This system handles both high and low activity liquid waste streams using multiple processing 
procedures.  High level waste is collected in tanks that are kept separate from the low level 
waste tanks.  All of the waste tanks are located in shielded areas to eliminate possible radiation 
exposure to plant personnel.  From the collection tank, high level liquid waste is processed 
through various filters to remove suspended solids, with the effluent being directed either to the 
low activity liquid waste system for further processing, or to the solid waste system for 
immobilization and subsequent disposal.  Low level liquid waste is processed through a series 
of filters and ion exchangers to remove both dissolved and un-dissolved solids.  The effluent is 
generally of condensate quality and can be recycled for routine uses within the plant. 

3.11.9.2 Radioactive Gas Waste Management System 

This system processes both high and low level gas waste streams generated by various 
operations within the buildings around the plant complex.  Low level gas waste sources are 
either collected in storage tanks located in the Radioactive Waste Management Building, or are 
otherwise routed directly to the local building ventilation exhaust system where the gas waste 
passes through appropriate filters and monitoring systems before being discharged to the 
outside atmosphere via the plant stack.  Any sudden appearance of elevated activity levels in 
plant stack effluent causes the gas waste discharge to be terminated immediately and rerouted 
to the high level gas waste system. 

High level gas waste is collected in storage tanks in the Radioactive Waste Management 
Building.  When appropriate, these wastes are re-circulated and monitored to determine activity 
level and release rate.  The waste is then released to the local outside atmosphere at a specific 
flow rate.  The discharge is routed through HEPA filters, moisture separators, charcoal beds, 
and heating or cooling units as may be necessary.  The effluent discharge rate and possible 
radioactive content is continuously monitored during the discharge.  Any deviations in activity 
level above prescribed limits will automatically terminate the release.  The stack discharge 
gases are carefully monitored at all times as to the kinds and types of isotopes that are being 
released as required to maintain an ongoing record of discharges. 

3.11.9.3 Radioactive Waste Management and Component Decontamination System 

This system provides for the collection, solidification, packaging, and storage of solid radioactive 
waste materials prior to their shipment off site for ultimate disposal.  The system also provides 
for solidification of decontaminant solutions and wet solid wastes.  The component 
decontamination portion of the system provides for radioactive decontamination and drying of 
various small parts and equipment items. 

Spent resins discharged from the ion exchange units in the radioactive liquid waste system are 
collected by the solid waste system in a tank dedicated to receive such resins.  From this tank, 
the resins are transferred as slurry to a solidification system where they can be monitored 
before being permanently immobilized for final storage and disposal as a bulk solid waste.  Dry 
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active waste materials are sorted using fume hoods and radiation survey equipment to establish 
the final disposal protocol. 

The overall solidification system is a pre-purchased packaged unit that integrates container 
movements, additions of solidification agent to the various containers, inspection procedures, 
and final movement of the wastes out of the building.  The building crane in the Radioactive 
Waste Management Building is equipped with drum handling features, plus a remotely operated 
viewing system that permits on-line monitoring of the various solid waste handling operations 
while they are in progress. 

The Component Decontamination System provides for cleaning and decontamination of various 
small components such as valves and pumps prior to performing maintenance.  The 
decontamination equipment includes tubs where chemicals can be used to dissolve 
contaminants, and demineralized water that can be used for rinsing.  Ultrasonic cleaners along 
with a water lance can also be used to remove contaminants.  Water drained from this system is 
routed to the radioactive liquid waste system. 

3.11.10 Balance of Hydrogen Plant 

3.11.10.1 Hydrogen and Oxygen Storage and Handling 

Hydrogen is the primary product gas generated within the hydrogen production plant.  Oxygen is 
produced as a by-product of the process, but could also have economic value.  The delivered 
hydrogen can be consumed directly as a follow-on to the production process, or it can be stored 
locally in support of a consumer whose utilization schedule may not exactly parallel the rate of 
production.  Routine storage can be in the form of a pressurized gas, or as a cryogenic liquid.  
However, systems are also being developed by which hydrogen is adsorbed into a chemical 
matrix on a molecular basis, thus leading to high volume low pressure storage systems. 

Conventional pressurized gas storage requires high pressure tanks, plus compressors that can 
deliver both the volumetric throughput and the required pressures without contaminating the 
effluent.  Liquifaction of the product gas requires cryogenic equipment designed for the process, 
plus cryogenic storage tanks whose insulation is sufficient to preclude gross product losses due 
to heat absorption through the tank walls.  The same storage and handling systems specified for 
liquid hydrogen could also apply to the storage of liquid oxygen, although storage of liquid 
oxygen is far less problematic due to the much higher temperatures associated with the liquid 
state (<90.2 K for oxygen vs. <20.3 K for hydrogen). 

Various storage options are available and are routinely found in the liquid gas industry.  Trade 
studies would need to be performed 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.  All liquid gas storage containers (tanks) would 
be located outside of the main building footprint. 
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3.11.10.2 Chemical Storage 

Various chemicals are required to support the SI hydrogen production process.  These include 
elemental iodine and sulfur dioxide by which sulfuric acid and hydrogen iodide are produced.  
The sulfuric acid and hydrogen iodide are then used to complete the process by which free 
hydrogen and oxygen are liberated, with the elemental iodine generated by the process being 
recycled back into the system along with the necessary water.  Approved chemical storage 
containers are routinely available for the agents needed to support the hydrogen production 
process.  Space allocation for such containers must be factored into the overall hydrogen plant 
design.

3.11.10.3 Hydrogen Distribution 

Allocation of the product gas to the various consumers will be finalized when the numbers and 
locations of users is more distinctly recognized.  Distribution could be via cryogenic transfer, 
either by individual cryogenic transfer lines to the users, or by insulated tank trucks designed to 
handle liquid hydrogen, whichever would be the most cost efficient commensurate with the 
needs of the users. 

3.11.10.4 Water Supply System 

Water needed to support the overall hydrogen production process is expected to be available 
from local sources.  The need for large replacement volumes of water is not anticipated since 
the hydrogen production system is designed to recycle water from the various process streams.  
Well water, sufficiently pre-treated, could be used for make-up water with an appropriate on-site 
inventory maintained in storage tank(s).  Feed pumps and water treatment systems are 
provided to maintain production and water quality. 

The water treatment equipment includes micron-rated stainless steel cartridge filters, cation 
exchange units, and mixed bed ion exchange units to remove dissolved solids and fine particle 
contaminants, followed by a degasifier to remove dissolved oxygen.  The water system 
discharge flows through a final micron-sized filter to eliminate any resin fines or other carry-over 
contaminants.  Instrumentation systems are included in the water treatment system by which to 
monitor the water quality and overall system operation.  The final product water is stored locally 
in a high purity water storage tank provided for the purpose. 
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4 BUILDINGS AND STRUCTURES 

The plant layout, shown in Figure 2.3-1 (in Section 2) consists of the Reactor Building (RB), the 
two hydrogen production plants, the Reactor Service Building (RSB), Operations Center (OC), 
heat transport pipes, and other buildings and structures that provide various supporting 
functions for the overall complex.  Systems containing radionuclides and safety-related systems 
are located in the Nuclear Island (NI) area, which is separated physically and functionally from 
the remainder of the plant.  The estimated dimensions of the various buildings and facilities are 
provided in Table 4-1. 

4.1 Reactor Building 

The RB for the NGNP 600-MWt reactor is classified as a vented low-pressure containment 
(VLPC).  The RB is approximately 30-m (100-ft) wide by 50-m (165-ft) long.  The RB consists of 
a below-grade multi-celled, embedded structure and the RCCS inlet/outlet structures, both of 
which are constructed of cast-in-place reinforced concrete.  The degree of embedment was 
selected to serve a number of objectives, including reduced cost and complexity of construction, 
ease of operation, minimization of shielding, and good seismic performance.  The below-grade 
location provides significant design benefits including grade level access for refueling, reduction 
of seismic effects, and protection from external events. 

The operating floor of the plant is set at site grade with a maintenance enclosure covering the 
operating area, which is traversed by refueling equipment.  The maintenance enclosure is a 29-
m (95-ft) high rectangular steel framed structure that spans the area above the below-grade RB.  
Access for refueling and for major maintenance activities is from this operating floor.  There are 
two extensions of the reinforced concrete RB above grade.  To one side of the RB, the 
reinforced concrete portion of the building extends to elevation +95 ft 6 in. (29 m) to serve as 
the RCCS inlet-outlet structure.  The floor of the above-grade structure is approximately 2 ft 
thick.  The above-grade area, called the Maintenance Hall, houses the part of the Fuel Handling 
System that transports the fuel and reflector elements between the receiving facility and the 
reactor core, the helium transfer and circulation system, and various piping and electrical 
equipment.

Figures 4.1-1 through 4.1-4 show plan views of the RB at various elevations.  Figures 4.1-5 and 
4.1-6 show elevation views of two sections through the RB.  Figure 4.1-5 shows the RB and the 
above-grade maintenance enclosure. 

There are two floors below grade with a rectangular footprint, which are used to house 
mechanical, electrical, and instrumentation systems dedicated to the reactor.  The 
instrumentation systems include: 

• The RPS, which performs automatic safety-related plant protection functions. 
• The IPS, which performs automatic non-safety intersystem investment-related protection 

functions.
• The Plant Control, Data, and Instrumentation System, which monitors plant parameters, 

automatically regulates plant conditions, provides information to the operator, and accepts 
and executes manual control commands from the operator. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 4-2 

Table 4-1.  Plant and Building Dimensions 

Site Building / Structure 
Dimensions  

(L x W x H) in Feet No. of Floors

Main Plant 1760 x 915 Na 

Hydrogen Area 550 x 460 Na 

Helium Storage Structure 200 x 75 1 

Nuclear Island Warehouse 160 x 160 x 25 1 

Personnel Services Building 100 x 100 x 10 1 

Reactor Building  - AG 165 x 100 x 95 1 

Reactor Building  - UG 125 x 88 x 150 1 

Reactor Services Building 210 x 110 x 30 3 

Radioactive Waste Management Building 200 x 100 x 20 1 

Remote Shutdown Building 50 x 50 x 12 1 

Interim Spent Fuel Storage 100 x 50 x 25 1 

Operations Center 235 x 235 x 20 2 

Water Treatment Facility 50 x 35 x 15 1 

Standby Power System 50 x 35 x 15 1 

Turbomachinery Maintenance Facility 180 x 80 x 25 1 

Fire Protection Pump House 50 x 50 x 12 1 

Auxiliary Building 140 x 80 x 20 2 

Cask Washdown Bay 100 x 30 1 

Unit Transformer 30 x 15 1 

Fire Water Storage Tank 25 (diameter) x 25 - 

Demineralized Water Storage Tank 25 (diameter) x 25 - 

Standby Power System Fuel Storage 20 (diameter) x 15 - 

Switchyard 225 x 175 - 

High Temperature Electrolysis Area 100 x 200 - 

Sulfur-Iodine Process Area 100 x 200 - 
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Figure 4.1-5.  Elevation View of Reactor Building – Section A-A 
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A number of additional mechanical and electrical systems which do not require radiation 
shielding or protection from external hazards are designed as prefabricated modules.  They are 
located at grade outside the maintenance enclosure. 

Below elevation -30 ft, the RB is configured as a cylinder to enable it to resist soil and 
groundwater pressure.  This cylindrical structure is called the reactor silo.  The silo is divided 
into cells that are separated by reinforced concrete walls approximately 1.2 m (4 ft) thick.  The 
bottom of the structure consists of a 2.4-m (8-ft) thick slab, approximately 45 m (147.5 ft) below 
the operating floor.  Access to and from this below-grade portion of the building for piping, 
electrical services, personnel, and the peripheral RCCS ducting (around the reactor vessel 
compartment) is made from the Maintenance Hall via removable access hatches. 

The reactor vessel, PCS vessel, and IHX vessel are housed within separate concrete 
compartments of roughly equal dimensions (36 ft x 36 ft) and are connected by crossducts as 
shown in plan in Figure 4.1-3 and in section in Figures 4.1-5 and 4-1.6.  The silo accommodates 
the length of the PCS vessel below the crossduct centerline, and also accommodates the 
machinery used to service the shutdown circulator and heat exchanger.  The silo depth required 
to create space below the SCS is greater than that required for the PCS vessel.  The weight of 
the PCS vessel will likely require four support points.  The IHX is expected to be only about 3.8-
m in diameter and 16-m high, but the compartment for the IHX is about the same size as the 
compartment for the PCS.  This large cavity for the IHX allows for use of a much larger heat 
exchanger should this become desirable or necessary.  The reactor core and IHX are 
connected by a cross duct that is tapered to allow for IHX size adaptation while maintaining 
vessel integrity at the reactor nozzle end. 

The RB is divided into two distinct zones for purposes of the heating, ventilating, and air 
conditioning (HVAC) design.  The cells containing the Helium Purification Train, the vent path 
sections above grade and west of the maintenance enclosure, and most of the cells in the 
cylindrical portion of the building have been designed to form a closed, interconnected space 
which is normally isolated from the environment.  Air is recirculated internally and heat is 
removed by chilled water-cooled air handling units.  The balance of the rectangular portion of 
the building, the personnel access stairways, the personnel elevator shaft into the silo portion of 
the building, and the space below the reactor vessel have been designed to be conditioned by a 
once-through flow of heated or cooled air. 

4.2 Reactor Service Building 

The Reactor Service Building (RSB) is a three-story reinforced concrete structure at grade level 
next to the RB.  The fuel handling area is located within the RSB.  This area includes facilities 
for introducing new fuel, for loading and shipping spent fuel casks, for storing new fuel, and for 
inspecting new and spent fuel.  The Helium Services System, which includes the helium 
purification system and the helium transfer and storage system, is also located in the RSB. 

The Hot Service Facility is located inside a shielded vault in the RSB adjacent to the fuel sealing 
and inspection facility.  The Hot Service Facility is used for inspection, maintenance, and repair 
of reactor service equipment and tools.  The facility includes viewing windows, operating 
galleries outside the vault, manipulators to perform the inspection, maintenance, and repair 
services, as well as portable decontamination equipment. 
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4.3 Operations Center 

Persons entering the plant must pass through the single outer security boundary, and will have 
access to parking, the switchyard, the heat rejection system, and non-sensitive parts of the 
Operations Center.  Plant personnel and visitors requiring access to the high security zone will 
be processed through security control facilities in the Operations Center.  Vehicular traffic 
requiring access to the security area will be inspected before passing through a double gate in 
the exclusion boundary. 

The OC building is a steel framed structure founded on grade beams and individual footings.  
The roof is insulated metal decking with built-up roofing.  The facade is a preformed insulated 
metal curtain wall with insulated glass windows.  The architectural treatment of the facade will 
be consistent with the environment because it will be the focal point of the complex.  The 
Operations Center (OC) houses: 

• The plant security access and egress area,  
• Security administration,  
• Plant operation offices and engineering space,  
• Primary and secondary alarm stations,  
• Training rooms, conference rooms, and lunch areas. 

The total floor area of the OC is approximately 56,000 ft2.  It is two stories high, with a 2,000 ft2

basement.  The above-ground area houses the security, engineering, and administration 
functions.  The basement houses the central alarm station. 

The ground floor of the OC contains plant access and egress, security administration, the 
secondary alarm station, the electronic equipment room, lunch room, first aid suite, classroom 
and training area, a mechanical equipment room, and an emergency electrical power source 
room.  Plant access and egress areas contain the inspection, detection, and access control into 
the vital and nonvital areas of the plant.  Physical protection from acts of sabotage against the 
plant access and egress areas will satisfy Federal Regulations. 

The second floor contains the plant administration areas for the operation, maintenance, and 
technical divisions, the control room, and a mechanical equipment room.  The administration 
areas will provide office space, conference rooms, a reception and waiting area, storage space, 
and an engineering office area. 

4.4 Hydrogen Plant Area 

For the preconceptual design stage, the following conditions are specified for the area that 
contains the SI-based and HTE-based hydrogen production facilities: 

 The production plants will be located a minimum of 90 m (~300 ft) away from the nearest 
boundary of the RB in order to preclude damage to the building as a result of a hydrogen 
plant accident. 

 The plants will be open to the environment, i.e., buildings are not provided to enclose the 
equipment.  A perimeter fence will enclose the area. 

 A 2 ft high earthen berm will be provided along the perimeter of the production facilities’ 
area to contain any potential spills.  Because of the separation distance between the 
hydrogen plants and the RB and because of the underground location of the NGNP MHR, 
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added protection for the MHR against hydrogen plant accidents (e.g., a high earthen berm 
or other blast containment structure) are not included. 

 One 2.1 m (7 ft) diameter underground Hydrogen Storage Tank is included in the 
preconceptual design.  At a pressure of 450 bars, this tank will be capable of storing 
approximately 100 kg of hydrogen.  A truck loading area is also included in the 
preconceptual design. 

 Extended areas as shown in Figure 2.3-1 (in Section 2) are included in the overall plant 
layout to accommodate potential expansion of the hydrogen plants and the hydrogen 
storage area. 

4.5 High-Temperature Helium Transfer System Pipes 

Heated helium from the IHX will be routed via pipes from the RB to the hydrogen plants and 
back.  The helium supply and return lines will run parallel to each other.  They will be supported 
on regularly spaced concrete piers and will be provided with adequate thermal expansion loops.  
Because of the high temperature of the external surfaces of these pipes while in service, a 
protective roof will be placed above the pipes to prevent excessive exposure to rainfall (to 
reduce evaporation and consequent heat loss).  The roof will be supported on regularly spaced 
metal columns and will be vented for heat relief (see Figure 2.3-1, Section A-A).  As a safety 
precaution, the protective enclosure will feature a perimeter fence and bird screens. 

4.6 Other Facilities 

There are several facilities that provide important support functions for the overall NGNP 
complex.  These include: 

• Personnel Services Building 
• Radioactive Waste Management Building 
• Spent Fuel Storage Building 
• Helium Storage Structure 
• Auxiliary Building 
• Nuclear Island Warehouse and Turbo-Machinery Maintenance Facility 
• Fire Protection Services Buildings and Structures 
• Water Treatment Building 
• Standby Power System Building 
• Remote Shutdown Building 

A brief description of each of these facilities is provided below. 

Personnel Services Building

The Personnel Services Building is a grade-level structure that contains facilities for monitoring 
and controlling personnel access to and from those areas of the plant that contain potential 
radiation and contamination sources.  The building contains both hot and cold chemistry 
laboratories, radioactive decontamination facilities, locker rooms, and supervisory offices.  The 
fuel handling operations and activities are performed from a dedicated control room located in 
this building. 
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Radioactive Waste Management Building

The Radioactive Waste Management Building is located at grade level adjacent to the RSB.  
The waste management building provides space and services associated with the handling of 
radioactive gas, liquid, and solid wastes generated within the facility.  As appropriate, the 
various tanks, pumps, and filter systems are located below grade level within cubicles behind 
shield walls to provide for proper control and management of these wastes, and to minimize 
personnel exposure to potential radioactive sources.  Space is also available within this building 
to perform low level decontamination of various small equipment items. 

Spent Fuel Storage Building

Spent fuel removed from the reactor is initially placed in cooled storage wells in the floor of the 
reactor hall near the reactor.  After an appropriate cooling period, these fuel elements can be 
placed in approved, shielded storage containers that allow for on-site storage outside of the 
reactor hall in the Spent Fuel Storage Building.  At some future time, these spent fuel elements 
can be shipped off-site for further storage and processing.   

Helium Storage Structure

This is a grade-level structure housing the high pressure storage tanks that contain the primary 
coolant helium whenever the vessel system is depressurized.  The high pressure helium supply 
tanks are also located in this structure.  This building would normally be located adjacent to the 
Reactor Maintenance Hall so as to minimize the length of the piping runs (and associated 
pressure drops) between the helium purification system discharge piping, the storage tanks, and 
the helium transfer compressor(s).  For example, maintaining the vessel system at a sub-
atmospheric pressure during refueling requires that the helium transfer compressor operate with 
a negative suction pressure.  Minimizing the line lengths between the helium purification system 
discharge and the helium transfer compressor inlet will minimize the amount of negative 
pressure needed at the compressor inlet to maintain the vessel system at the required sub-
atmospheric pressure. 

Auxiliary Building

The Auxiliary Building provides space and protection for the large heat exchangers, pumps, and 
surge tanks that transfer the waste heat absorbed by the pre-coolers and inter-coolers located 
within the PCS vessel.  The waste heat from the large heat exchangers is rejected to the plant 
circulating water system.  Piping to and from the PSC coolers is contained in underground 
tunnels between the RB and the auxiliary building. 

Nuclear Island Warehouse and Turbo-machinery Maintenance Facility

The Nuclear Island Warehouse and Turbo-machinery Maintenance Building have been 
combined in this facility, which is located on the northeast part of the site.  All spare parts and 
equipment required to support operation of the nuclear island portion of the facility are contained 
in the warehouse.  These items are controlled to ensure compliance with regulations.  A cargo 
search facility is included within the warehouse to assure security with respect to incoming 
shipments. 

Onsite maintenance of the TM equipment will be performed in the combined facility.  To 
minimize plant downtime, a spare TM will be kept at the plant site.  Large access space is 
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required for transportation of the turbocompressor in a shielded cask.  It is expected that a 
vehicle similar to the carrier for onsite spent fuel storage casks will be used to move 
turbocompressor units.  This building also provides a cargo search area. 

Fire Protection Services Buildings and Structures

Services and facilities that provide fire protection for the overall plant are contained in buildings 
or structures designed to assure continuous protection of the fire protection equipment at all 
times.  The cooling tower basin normally serves as a large source of water for fire protection 
services that require this type of suppression medium.  Fire water distribution systems and 
portable fire extinguishing equipment are available locally throughout the plant.  Halon, or other 
gas suppression media are installed where equipment damage or possible personnel injury 
would result due to the application of suppressants.  

Water Treatment Building

Water intended for use throughout the overall facility is treated in this building as necessary 
considering the end user requirements.  Makeup water to the treatment building is obtained 
from local wells or from local water distribution and supply sources.  Purification, filtration, and 
pumping services are available within this building to ensure that potable water is always 
available for personnel use, or to supply the various sanitary systems.  Treated water is also 
supplied as makeup to other plant water systems that may require still further treatment before 
use.

Standby Power System Building

The standby power system includes one or more diesel-engine-driven generators, and their 
associated controls and protective systems that are capable of powering certain critical AC 
loads associated with operation of the reactor and its support systems.  This building is 
constructed to withstand severe environmental conditions, and is seismically qualified.  Based 
on requirements for separation, and redundancy, more than one standby power building (and 
the associated generator) may be required to meet applicable regulations. 

Remote Shutdown Building

This building is intended to function as a secondary plant control station in the event that the 
main plant control room should become uninhabitable, or is otherwise damaged such that that 
the performance of critical reactor control, monitoring, and operational functions cannot be 
carried out.  This building is intended to be self-contained and to provide for all of the actions 
needed to assure that critical plant operational and safety functions can be executed without 
access to the main control room.  This building is physically separated from all other plant 
buildings, and is located at an appropriate distance from those buildings. 
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5 PLANT ASSESSMENTS 

As part of this pre-conceptual design study, assessments of the NGNP were performed in the 
areas of safety, licensing, and economics. 

5.1 Safety Assessment 

The following sections describe the safety features of the NGNP and assessments of bounding 
accidents involving loss of flow and loss of coolant. 

5.1.1 Key Inherent Safety Features and Design Provisions 

A defense-in-depth approach to safety has always been used in the design of MHRs including 
the NGNP.  The philosophy of defense-in-depth includes prevention of accidents by requiring 
reliable operating systems capable of handling anticipated operational occurrences.  It 
nevertheless assumes these systems could fail and thus requires that certain functions be 
fulfilled to prevent and mitigate consequences of those failures.  The ultimate goal is to ensure 
that plant operation will have negligible impact on the health and safety of the public under a 
comprehensive, extensive range of expected and postulated conditions. 

A key feature of defense-in-depth is the provision of multiple barriers to the release of fission 
products and systems which protect these barriers.  Furthermore, these systems are capable of 
functioning despite credible failures, by being redundant, independent, and diverse.  The 
assurance of safety is thereby vested in multiple, independent safety provisions, no one of 
which is relied upon excessively.  Analysis of design-basis events (DBEs) and beyond-design-
basis events (BDBEs) early in the design process is a means of identifying and providing ways 
to further enhance plant safety.  Finally, contingency measures are provided in the event that 
fission products are released anyway.  Defense-in-depth is comprehensive, covering aspects of 
human involvement (e.g., administrative controls, quality assurance, human factors engineering, 
training, etc.) to assure the accuracy and sufficiency of the design, construction, and operation 
of the plant. 

5.1.1.1 Inherent Safety Characteristics 

In the design of the NGNP, the desirable inherent characteristics of the inert helium coolant, 
graphite core, and coated fuel particles are supplemented with specific design features to 
ensure passive safety.  The release of large quantities of radionuclides is essentially precluded 
by the fuel particle ceramic coatings, which are designed to remain essentially intact during 
licensing basis events.  The integrity of the particle coatings as a barrier is maintained by 
limiting heat generation, assuring means of heat removal and by limiting the potential effect of 
air and water ingress on the particles under all potential accident conditions. 

The fundamental, inherent safety characteristics of the NGNP are listed below.  These 
characteristics tend to dominate the safety of the plant as a whole and serve to prevent and 
mitigate accidents.  They dictate the nature of the plant’s response to accidents, and therefore, 
the response required of control systems.  They help to minimize the response required of the 
plant operator.  An understanding of these inherent characteristics provides insight into the 
overall safety of the NGNP. 

These fundamental characteristics, supported by safety system design, are particularly effective 
in retaining radionuclides at the source within the coated fuel particles.  Containing 
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radionuclides at the source reduces all risks, including health and safety risks, environmental 
risks, and risks that operation will be interrupted by a release and lengthy recovery time. 

Coated Fuel Particles.  Coated fuel particles can withstand extremely high temperature without 
losing their ability to retain radionuclides.  Core temperatures can remain at 1600°C (2912°F) for 
several hundred hours without losing particle coating integrity.  For design basis events, peak 
expected fuel temperatures do not exceed 1525°C.  The design and quality of the fuel particles 
are such that almost all fission products are retained with the particles themselves during 
normal operation, anticipated operational occurrences and DBEs.  Radioactive material release 
remains very small, and the risk to public health and safety is minimized. 

Graphite Moderator.  Graphite can withstand even higher temperatures than the fuel without 
structural damage, which complements the fuel’s high temperature capability.  The graphite also 
holds up certain fission products, further reducing potential radioactivity release.  Massive 
graphite structures in the core provide extremely large heat capacity.  Even under extreme 
conditions, reactor heatup is slow, so that days are available for the operators to respond to an 
unusual event, such as loss of all AC power. 

Helium Reactor Coolant.  Helium is chemically inert and neutronically transparent, meaning it 
will not aggravate an accident by participating in any chemical or nuclear reaction.  Helium will 
not change phase in the reactor; therefore, it is impossible to have the problem of two phase 
flow within the reactor, which would affect reactivity and temperature control.  Pump cavitation 
also cannot occur.  The use of helium minimizes the problems of primary system corrosion and 
greatly reduces the resultant buildup of radioactive by-products associated with water-cooled 
reactors.

Negative Temperature Coefficient of Reactivity.  The NGNP reactor core is designed to have 
a negative temperature coefficient of reactivity.  This characteristic means that as the reactor 
gets hotter, the change in temperature alone will reduce reactor power.  For all credible 
reactivity addition events, the negative temperature coefficient can limit reactor power. 

Core Geometry and Size.  The annular core geometry, limited core diameter, low thermal 
power rating, and low power density of the NGNP assure sufficient decay heat removal to an 
ultimate heat sink by the natural processes of radiation, conduction, and convection, to preclude 
any significant particle coating failure or radionuclide release under all conditions of loss of 
forced cooling or loss of coolant pressure. 

5.1.1.2 Multiple Barriers to the Release of Fission Products 

There are five principal fission product barriers in the NGNP, shown schematically in Figure 5.1-
1.  Three pressure-retaining barriers (fuel coatings, the primary coolant pressure boundary, and 
the vented low-pressure containment building) are capable of retaining radionuclides.  The 
kernels and graphite structural elements provide effective retention of selective radionuclides. 
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Figure 5.1-1.  MHR Radionuclide Containment System 

Kernels.  The first barrier to fission product release from the fuel is the kernel itself.  The fuel 
kernels retain a significant fraction of the radiologically important, short-lived fission gases such 
as Kr-88 and I-131.  However, the effectiveness of the kernel for retaining gases can be 
reduced if exposed kernels are hydrolyzed by reaction with trace amounts of water vapor.  The 
fuel kernels will also retain long-lived, volatile fission metals such as Cs, Ag, and Sr, depending 
upon temperature and burnup. 

Particle Coatings.  The second and most important barrier to radionuclide release is the fuel 
particle coatings.  The coatings provide a high-integrity pressure vessel which is extremely 
retentive of radionuclides.  The layers of the TRISO-coated fuel particles have specialized 
purposes.  The purpose of the buffer layer (low density carbon) is to provide a reservoir for 
fission gases released from the kernel and to attenuate fission recoils (fuel particles only).  The 
most important coating is the silicon carbide (SiC), which provides most of the structural 
strength and dimensional stability.  In the fuel particle, it serves as the primary barrier to the 
release of fission products, particularly metallic fission products, because of their low solubilities 
and diffusion coefficients. 

Graphite.  The carbonaceous fuel compact matrix materials and the core structural graphite 
collectively are the third release barrier.  Core graphite is highly retentive of some fission 
products (i.e., Sr, Rb, Cs, rare earths), but is virtually nonretentive to others (i.e., noble gases).  
For example, under typical core conditions, the fuel element graphite attenuates the release of 
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Cs and Ag from the core by more than an order of magnitude, and Sr is essentially completely 
retained.

Primary Coolant Pressure Boundary.  The fourth release barrier is the primary coolant 
pressure boundary.  This barrier is provided by the steel pressure vessels, which will be 
designed and constructed to ASME Section III Division 1 requirements.  The chemically inert 
helium coolant minimizes corrosion and eliminates the need for the complications of steel 
internal cladding.  The entire reactor module is protected by the underground RB from external 
events and is conservatively designed to accommodate internal events.  The helium purification 
train is very effective at removing long-lived fission gases and contaminates from the primary 
coolant.  However, for short-lived fission gases, the dominant removal mechanism is radioactive 
decay, and for the condensable fission products, the dominant removal mechanism is 
deposition, or plateout, on the various helium-wetted surfaces in the primary circuit. 

Containment.  The reinforced concrete, vented low-pressure containment is the fifth barrier to 
the release of radionuclides.  It is a normally closed space, located below grade.  It is equipped 
with a vent that opens if the pressure inside the containment exceeds its design set point, 
releasing mass and energy associated with a blow down and protecting the integrity of the 
building and the RCCS.  Even if the vent opens, natural removal mechanisms (including 
radioactive decay, condensation, fallout, and plateout) reduce the concentration of radionuclides 
in the containment atmosphere, reducing the offsite releases.  While the vent allows the release 
of radionuclides released promptly, the release of associated gases early in the event eliminates 
the driving pressure that could transport the delayed source term out of the building.  After 
release of the initial blow-down energy pulse, the vent is designed to close for containment of 
radionuclides that might diffuse out of the fuel during time-at-temperature conditions.  Robust 
design features protect the containment function from degradation by external events.  Inclusion 
of a broad spectrum of DBEs protects the containment function from damage by internal events. 

5.1.1.3 Accident Prevention and Mitigation 

The five independent barriers described above ensure protection of the health and safety of the 
public and of workers.  Safety systems that have been provided to mitigate the consequences of 
all design basis accidents and to protect the barriers are described in this section.  Some of 
these systems act to protect the fuel particles; some protect the primary coolant pressure 
boundary; some protect the containment; and some protect several barriers at the same time.  
Maintaining barrier integrity constitutes the NGNP safety function; accident prevention and 
mitigation is the process by which these functions are accomplished. 

Simple, Reliable, Passive Designs.  This is achieved by using simple and reliable systems, 
both in establishing the preconceptual design configuration and in executing the detailed design, 
to prevent accidents.  Applying experience and lessons learned from preceding plants also 
contributes to this objective. 

Simplifying required safety systems reduces requirements for safety-related support systems.  
For example, the naturally circulating RCCS air circuit eliminates the need for circulators and 
motor drives under accident conditions.  The naturally circulating air circuits eliminate large 
demands for safety-related electrical power, reducing requirements for emergency electrical 
power supply and distribution, which reduces requirements for emergency diesels, diesel fuel, 
diesel cooling, etc.  The fact that the tower is dry cooled eliminates requirements for a safety-
related evaporative cooling tower or a once-through cooling water system and for concomitant 
support systems.  Controls are similarly simplified.  Elimination of active equipment reduces 
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maintenance demands and simplifies operation, thus helping to avoid incidents caused by 
human error.  Passive features also tend to simplify recovery from initiating events.  Design 
simplicity and inherent safety of the NGNP concept greatly simplifies the entire plant.  Thus, 
simplicity itself contributes greatly to overall plant safety.  The simpler plant design makes the 
operator’s job easier, helping avoid incidents caused by operator error and making it easier for 
the operator to recover from initiating events.  The simplicity and inherent safety of the NGNP 
concept has greatly simplified the entire plant, the simplicity itself also contributes greatly to 
overall plant safety. 

Control of Heat Generation.  Control rods drop by gravity into the core upon loss of electrical 
power.  An automatic positive control action can cause the rods to drop, or the event itself may 
cut the power supply.  It is an advantage that the rods need not be powered in.  In addition, the 
NGNP has a redundant and diverse system to drop boronated graphite pellets by gravity into 
designated fuel element channels for reactivity control equivalent to rod insertion.  Initiation of 
the latter system requires a positive control signal and an active response. 

If both the control rod and the reserve shutdown systems fail, (i.e., if neither control rods nor 
reserve shutdown material are inserted into the core), the temperature coefficient of reactivity 
will shut down the reactor from any power level following loss of cooling.  As an example, given 
that no additional positive reactivity is inserted, core power will be reduced to shutdown levels 
by negative temperature coefficient alone, such that the RCCS alone can safely cool the core 
for more than 30 h after the initial shutdown.  A test conducted at the AVR in Germany supports 
analysis which shows that following this initial shutdown, a gradual core temperature increase 
and negative reactivity addition will occur, with the core stabilizing at a low power level at which 
the heat generation rate matches the core cooling capability of the passive heat sinks.  This is a 
stable, safe condition that can be maintained until corrective actions are taken to insert the 
control rods or drop reserve shutdown control material into the core to affect a full shutdown and 
to allow the reactor to be taken to cold shutdown condition. 

Control of Heat Removal.  Reactor cooling can be accomplished by the PCS, the SCS, the 
HTS, or by passive cooling through the reactor vessel to the RCCS.  The PCS, which operates 
during power generation, provides primary shutdown cooling.  PCS cooling capability is an 
active system.  The SCS is designed specifically for residual heat removal in the event that the 
PCS is unavailable.  In the NGNP, the HTS is another active system that can be used to remove 
heat from the reactor core. 

In the event the PCS and SCS are unavailable, the core design ensures passive residual heat 
removal capability.  The limited core diameter, limited power density, and unique core assembly 
configuration (annular with a large length-to-diameter ratio) limit core and fuel temperatures 
during passive cooling.  The RCCS, which is independent and diverse from the PCS and SCS in 
fundamental ways, acts to keep structures, including the reactor vessel and containment 
building, within allowable temperature limits.  The RCCS is totally passive under accident 
conditions.  Reactor heat is transferred through the reactor vessel walls to RCCS cooling panels 
by conduction, natural convection and radiation heat transfer; the vessel walls are uninsulated 
to facilitate this process.  The RCCS air cooling loops are naturally circulating.  With RCCS 
cooling, core temperatures peak after about 2 days and cool within several days to below 
1100°C.

Even if the RCCS were not available for some reason, heat from the reactor vessel walls would 
be transferred through the inoperable RCCS panels to the containment building itself and 
ultimately to the earth surrounding it.  This cooling capability is also totally passive.  It is not in 
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the design basis and is not necessary to meet any safety requirements or quantitative safety 
goal, but exists as an inherent feature, enhancing the safety of the NGNP.  With core cooling in 
this mode, core temperatures peak at about the same level as with RCCS cooling, but cool 
more slowly thereafter. 

The NGNP vessel system has a unique safety function in support of core cooling systems.  
LWR vessels must confine primary coolant (i.e., water) at all times, at least so that the core will 
remain covered.  However, while containing the helium coolant is an important vessel function 
for the NGNP, sufficient core cooling can be provided even if the helium coolant is lost.  The 
ultimate function for the NGNP vessel system, therefore, is to provide structural support for the 
reactor core and to maintain adequate cooling geometry (1) for forced circulation systems, and 
(2) for radiation and conduction during passive core cooling.  However, vessel failure is not 
catastrophic for the NGNP if adequate structural support is maintained. 

Control of Chemical Attack.  Chemical attack on fuel particles and on the graphite core 
structure can result from air or water ingress into the primary system.  Steps have been taken to 
prevent ingress of contaminants, and consequences are expected to be acceptable if they 
occur.

The likelihood of water entering the primary system is limited by the absence of high pressure 
and high energy sources of water in proximity to the primary system.  Under normal operating 
conditions, all water coolers and heat exchangers operate at lower pressures than the pressure 
of the primary coolant with which they exchange heat.  In the event of a cooler or heat 
exchanger leak, primary coolant helium would leak out into the secondary cooling water until 
pressures equilibrate.  Then the rate of ingress of sub-cooled water would be small, as water 
tries to enter the primary system by diffusion and gravity.  The amount of water that could enter 
is limited to the inventory of water in the secondary coolant circuit located above the elevation of 
the leak.  Most of the sub-cooled water that could enter the power conversion vessel would 
remain at the bottom of the vessel.  Very little of it would become entrained in the helium coolant 
and be transported to the core.  Core cooling can still be provided by either the PCS or the SCS, 
and would limit the potential for chemical attack.  If core cooling is not available, the potential of 
water transport to the core would still be limited.  The sub-cooled water will not flash to steam 
unless the primary coolant helium pressure is below the water saturation pressure, which may 
occur only when the reactor is operating at a low power level.  The reaction rate of water and 
core graphite will be negligible.  The reaction of steam and graphite is slow and endothermic 
and therefore is not self-sustaining. 

Exposure to moisture does not affect fuel particles, except for the very small fraction with 
defective coatings.  Fission product release from defective particles would increase, but fission 
products would be adequately contained. 

The likelihood of a breach of the primary coolant boundary, such that air ingress becomes a 
concern, is limited by the high integrity associated with pressure vessels and the limited size of 
penetrations.  In the event of a breach, primary helium coolant would leak out until inside and 
outside pressures equilibrated.  Then, the rate of air ingress would be small, as air tries to enter 
the breach primarily by natural circulation and diffusion at the same time as helium coolant, 
which it is displacing, tries to exit through the same hole.  Large air ingress rates would require 
an implausible scenario of two concurrent breaches of an ASME Code Section III vessel in 
order to set up an effective circulation path.  However, even in that circumstance, air flow would 
be restricted by the flow resistance characteristics in the core (e.g., cooling channel high length-
to-diameter ratio).  Finally, the amount of air is limited by the size of the low leakage below-
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grade containment building.  As a result, the overall heat of reaction of air with graphite remains 
small relative to core decay heat.  Also, any air that enters the primary coolant must react with 
graphite elements and fuel compact matrices before it can reach and chemically react with the 
embedded refractory-coated fuel particles. 

5.1.2 Safety Related Systems, Structures, and Components 

The key safety features and safety functions of the NGNP have been described above.  On the 
basis of prior safety assessments, the major systems, structures, and components which are 
relied upon to perform one or more safety functions (e.g., ensuring safe shutdown and 
protection of the primary coolant pressure boundary) or are otherwise relied upon to meet the 
siting dose criteria have been identified.  The set of plant features proposed to be classified as 
safety-related is comprised of the following: 

• Reactor System, including neutron control assemblies, ex-vessel neutron detectors, the 
reactor internals, reactor core, and fuel 

• Vessel System, including the ASME Section III vessels and pressure relief 
• RCCS, including the entire system as required for removal of residual heat 
• RPS, including all sensors, control logic, and housings supporting safety trips and wells 

which are part of the Reactor Service Building 
• Essential AC and DC power systems 

Consistent with the simple yet robust safety design approach, only a relatively modest number 
of systems, structures, and components (SSCs) are important in ensuring public health and 
safety.  Equally important, these SSCs reflect the utilization of passive features.  Thus, not only 
is susceptibility to failures in power systems, moving parts, and operator error reduced by the 
NGNP safety systems, but the operating staff’s maintenance and ISI burdens are minimized. 

5.1.3 Accident/Transient Analysis 

In terms of safety consequences, the bounding accidents for the NGNP are a loss of flow 
leading to a high pressure conduction cooldown (HPCC) and loss of coolant leading to a low 
pressure conduction cooldown (LPCC).  The HPCC event is typically initiated by trip of the PCS.  
The RPS automatically initiates a reactor trip on low flow or TM trip.  The system pressure 
quickly equilibrates at about 5 MPa as the TM coasts down.  Because the system remains at 
high pressure, the decay heat is more uniformly distributed within the core and vessel than 
during a LPCC event.  The LPCC event is typically initiated by a small primary coolant leak, 
causing the system to depressurize to atmospheric pressure.  The RPS automatically initiates a 
reactor trip on low coolant pressure.  For both events, the SCS fails to start and decay heat is 
removed by thermal radiation and natural convection from the reactor vessel to the RCCS 
(Figure 5.1-2). 
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Figure 5.1-2.  Passive Heat Removal to the RCCS During HPCC and LPCC Events 

These events have been analyzed in detail for the GT-MHR, and the results have shown that 
peak fuel temperatures remain below the design goal of 1600°C, and the temperatures for the 
vessel and other safety-related SSCs also remain below acceptable limits.  Using an ATHENA 
model, these events were re-analyzed using the NGNP initial conditions.  Figure 5.1-3 shows 
the calculated peak fuel temperatures for the HPCC and LPCC events.  For the LPCC event, 
the peak fuel temperature is 1525°C and occurs about 60 h following initiation of the event.  For 
the HPCC event, the peak fuel temperature is 1349°C and occurs about 50 h following initiation 
of the event.  As shown in Figure 5.1-4, the calculated peak vessel temperatures for the HPCC 
and LPCC events were approximately 478°C and 517°C, respectively.  For both events, the 
peak vessel temperatures occurred about 72 h following initiation of the event. 

These results are consistent with previous results for the GT-MHR and show that the H2-MHR 
should retain the passive safety characteristics of the GT-MHR. 
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Figure 5.1-3.  Peak Fuel Temperatures During HPCC and LPCC Events 

Figure 5.1-4.  Peak Vessel Temperatures During HPCC and LPCC Events 

As discussed in Section 3.1.2.2, a 30-degree sector ANSYS model was used to analyze both 
LPCC and HPCC events using a 100-mm layer of carbon insulation on the outer radial surface 
of the PSR.  Calculations were performed using both irradiated and unirradiated graphite 
properties.  Calculations were also performed assuming annealing of irradiation damage as the 
graphite temperature increases according to a GA model for H-451 graphite.  The decay heat 
rate was assumed to be 15% higher than the nominal rate in order to account for uncertainties 
in thermal properties.  All of the cases correspond to core inlet/outlet temperatures of 
490°C/950°C.  The effect of this safety margin and the results of the ANSYS calculations are 
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presented in Table 5.1-1.  Cases 2, 4, and 6 indicate an equivalent power of 632 MW due to the 
15% safety margin.  The carbon insulation raises the peak fuel temperature up to around 
1600°C.

Table 5.1-1.  Peak Fuel and Vessel Temperatures During HPCC and LPCC Events 

Peak Fuel 
Temperature

( C) 

Peak Vessel 
Temperature

( C) Case 
Therma
l Power 
(MW) 

Safety 
Margin
Effect 
(MW) 

Inlet
Temp.

( C) 

Fuel Block 
Graphite
Thermal

Conductivity HPCC LPCC HPCC LPCC 

1 600 690 490 unirradiated * 1595 * 582 

2 550 632 490 unirradiated 1416 1504 543 559 

3 500 575 490 unirradiated 1336 1415 521 536 

4 550 632 490 irradiated 1489 1602 539 561 

5 500 575 490 irradiated 1407 1516 515 537 

6 550 632 490 annealed * 1570 * 564 

7 500 575 490 annealed 1398 1487 519 537 

8 500 575 590 unirradiated 1380 1453 535 547 

9 500 575 590 irradiated 1448 1546 529 537 

*Calculations not performed. 

5.2 Licensing  

5.2.1 Licensing Strategy 

All nuclear power plant applications in the United States must undergo a safety review, an 
environmental review and an antitrust review by the NRC.  This will be true for the Next 
Generation Nuclear Plant (NGNP).  The NGNP is a prototype plant that will demonstrate electric 
power production as well as hydrogen production. 

The NGNP is a prototype plant whose purpose is to demonstrate commercial viability.  It is a 
power reactor, not a research or test reactor.  Research and test reactors are typically licensed 
by the NRC according to the total thermal (heat) energy produced by the reactor.  These 
facilities, which are much smaller than the NGNP, range in size from 0.10 to ~100 MWt.  
Because of the large difference in power generated, the consequence of an accident at a 
research and test reactor is limited when compared to a commercial power reactor. 

Despite its higher thermal power level, the NGNP has many of the attributes that greatly simplify 
the licensing process for research and test reactors.  The NGNP design provides for passive 
safety and defense-in-depth.  The accident profiles and analyses for the NGNP will be very 
different from those associated with the existing vintage commercial Light-Water-Reactor (LWR) 
plants and the new Advanced Light-Water-Reactor (ALWR) designs.  Normal and post-accident 
radiological releases are not expected to be significant and the reduced radiological 
consequences will affect the design and licensing bases for plant features and capabilities such 
as those associated with containment design and emergency planning. 
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The NGNP is subject to Title 10, "Energy" of the Code of Federal Regulations and those 
regulations applicable to a Class 103 Commercial Power Reactor as defined in 10CFR50.22.  In 
addition, the NGNP will be subject to relevant regulations and guidance that pertain to the 
existing LWRs as well as those evolving regulations and guidance documents for the new 
ALWR designs.  It may also be subject to other evolving regulations (e.g., 10CFR53) and 
guidance that will apply to the Generation IV reactor plants. 

The following sections discuss the various licensing options that might be available for licensing 
the NGNP prototype at the Idaho National Laboratory (INL) Site.  These options include 
licensing in accordance with: 

• 10CFR50, “Domestic Licensing of Production and Utilization Facilities” 
• 10CFR52, “Early Site Permits, Standard Design Certifications, and Combined Licenses for 

clear Power Facilities” 
• 10CFR53 (Planned) 
• License by Test 

NGNP licensing will also include the environmental evaluation required by the National 
Environmental Policy Act of 1969.  This will include the development of an Environmental 
Report and the issuance of an Environmental Impact Statement by the NRC in accordance with 
10CFR51, "Environmental Protection Regulations for Domestic Licensing and Related 
Regulatory Functions." 

The Licensing Approach for the NGNP is expected to reflect existing regulatory regulations and 
guidance, which reflect deterministic safety criteria, in combination with risk-informed 
regulations and evaluations.  This approach is consistent with that proposed by Exelon for the 
Pebble Bed Modular Reactor [refer to the “NRC Staff’s Preliminary Findings Regarding Exelon 
Generation’s (Exelon’s) Proposed Licensing Approach for the Pebble Bed Modular Reactor 
(PBMR)” dated March 26, 2002]. 

The NRC considered the licensing approach proposed for the PMBR to be a potentially viable 
and reasonable process for ensuring that the Commission’s regulations are met and for 
identifying, in that case, PBMR-specific regulatory requirements.  The conclusions expressed by 
the NRC are applicable to the NGNP as are their concerns and limitations.  The NRC noted that 
implementation of any proposed licensing approach would have to be supported by detailed and 
probabilistic risk assessment (PRA) information.  The NRC stated that utilization of a risk-
informed regulatory approach would require assessment of the issues of treatment of 
uncertainties, margins of safety, and defense-in-depth.  The NRC also observed that relating to 
the degree to which it could rely on PRA information will be complicated by the limited operating 
experience for such designs. 

The NGNP Licensing Approach must reflect the design and licensing bases of the facility.  This 
will include the definition of top-level regulatory criteria (TLRC) as well as how these criteria are 
addressed by the plant design.  It will establish other applicable regulatory design criteria; define 
Structure, System and Component (SSC) risk-informed classifications; and specify special 
treatment for equipment that is safety-related and/or risk-significant.  It will also establish event 
classifications for the NGNP including normal, transient and accident.  It will be supported by a 
detailed PRA as well as by deterministic assessments. 
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5.2.1.1 Licensing Under 10CFR50 

10CFR50, “Domestic Licensing of Production and Utilization Facilities” is the 2-step licensing 
process used by currently operating commercial nuclear power plants.  This process requires 
both a construction permit (CP) and an operating license (OL).  Under 10CFR50, approval must 
be obtained from the NRC before a nuclear power plant can be built and operated.  Under Part 
50, the NRC maintains oversight of the construction and operation of a facility throughout its 
lifetime to assure compliance with the Commission’s regulations for the protection of public 
health and safety, the common defense and security, and the environment. 

Overview of 10CFR50.  In order to construct or operate a nuclear power plant, an applicant 
must submit a Safety Analysis Report (SAR).  This document contains the design information 
and criteria for the proposed reactor and comprehensive data on the proposed site.  It also 
discusses various hypothetical accident situations and the safety features of the plant that 
prevent accidents or, if accidents should occur, lessen their effects.  In addition, the application 
must contain a comprehensive assessment of the environmental impact of the proposed plant.  
A prospective licensee also must submit information for antitrust reviews of the proposed plant. 

When an application to construct a nuclear plant is received, the NRC staff determines if the 
application and its Preliminary Safety Analysis Report (PSAR) contains sufficient information to 
satisfy Commission requirements for a detailed review.  If the application is accepted, the NRC 
holds a public meeting near the proposed site to familiarize the public with the safety and 
environmental aspects of the proposed application, including the planned location and type of 
plant, the regulatory process, and the provisions for public participation in the licensing process.  
Numerous public meetings of this type are held during the course of the reactor licensing 
process.

All documents and correspondence related to the application are placed in the NRC’s Agency-
wide Documents Access and Management System (ADAMS), and in the NRC Public Document 
Room (PDR), which is located in Rockville, MD.  The NRC issues a press release to the media 
near the proposed plant announcing receipt of the application and sends copies of the 
announcement to Federal, State, and local officials.  In addition, a notice of receipt of the 
application is published in the Federal Register. 

The NRC staff then reviews the application to determine whether the plant design meets all 
applicable regulations.  These regulations include but are not limited to 10CFR20, 50, 73, and 
100.  The NRC review includes, in part: 

• Characteristics of the site, including surrounding population, seismology, meteorology, 
geology and hydrology; 

• Design of the nuclear plant; 
• Anticipated response of the plant to hypothetical accidents; 
• Plant operations including the applicant’s technical qualifications to operate the plant; 
• Discharges from the plant into the environment (i.e., radiological effluents); 
• Emergency plans; and 
• Security. 

When the NRC completes its review, it prepares a Safety Evaluation Report (SER), which 
summarizes the anticipated effect of the proposed facility on public health and safety. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

5-13

The Advisory Committee on Reactor Safeguards (ACRS), an independent group that provides 
advice on reactor safety to the five-member Commission, reviews each application to construct 
or operate a nuclear power plant.  The ACRS review begins early in the licensing process, and 
a series of meetings with the applicant and the NRC staff are held at appropriate times in the 
review process.  When the ACRS has completed its review, it submits the results in a report to 
the Commission via a letter to the Chairman of the NRC. 

An environmental review is performed by the NRC staff in accordance with the National 
Environmental Policy Act (NEPA) to evaluate the potential environmental impacts and benefits 
of the proposed plant.  After completing this review, the NRC issues a Draft Environmental 
Impact Statement (DEIS) for comment by the appropriate Federal, State, and local agencies as 
well as by the public.  Afterwards, the agency issues a Final Environmental Impact Statement 
(FEIS) that addresses all comments received. 

The Atomic Energy Act requires that a public hearing be held before a CP is issued for a 
nuclear power plant.  The public hearing is conducted by a three-member Atomic Safety and 
Licensing Board (ASLB).  The board is composed of one lawyer, who acts as chairperson, and 
two technically qualified individuals.  Members of the public may submit written or oral 
statements to the ASLB to be entered into the hearing record or they may petition to intervene 
as full parties in the hearing. 

The NRC may authorize the licensee to do some construction at the site prior to the issuance of 
a CP.  This authorization is known as a Limited Work Authorization (LWA) and is done at the 
risk of the licensee.  This authorization may be granted only after the licensing board has made 
all of the NEPA findings required by the Commission’s regulations for authorizing construction 
and has determined that there is reasonable assurance that the proposed site is a suitable 
location, from a radiological health and safety standpoint, for a nuclear power reactor of the 
general size and type proposed. 

[N.B. — the NRC Staff has proposed a final rulemaking for Commission approval, which is 
presented in SECY-07-0030, "Final Rulemaking on Limited Work Authorizations," dated 2-7-07.  
This Final Rulemaking has not been published in the Federal Register at this time.  The final 
LWA rule will revise the definition of construction and restructure the LWA process in 
10CFR50.10(e) by removing the need for CP and COL applicants, and holders of Early Site 
Permits (ESPs), to obtain a LWA, CP or COL to conduct certain pre-construction activities.  
These pre-construction activities include site clearing, transmission line routing, and road 
building.  In addition, construction of certain structures, systems and components (SSCs) not 
essential to public health and safety or common defense and security could proceed without 
NRC review or approval.  However, construction of SSCs delineated in the rule would require 
some form of NRC approval (i.e., LWA, CP, or COL).  The final rule will allow the applicant to 
submit the LWA information in advance of submission of the underlying CP or COL application, 
and will also allow the LWA applicant to submit information on site suitability and obtain an early 
NRC decision on site suitability under 10CFR2, Subpart F.  However, the final rule does not 
require the NRC to make a finding of site suitability before issuing an LWA (unless the LWA 
applicant requests such a finding).] 

After a CP is issued by the NRC, the applicant must, if it did not as part of the original 
application, submit a Final Safety Analysis Report (FSAR) to support its application for an 
Operating License (OL).  Typically, after the CP is issued by the NRC and construction is 
underway, the Licensee begins developing the FSAR.  During this period of the Project, the 
PSAR is revised and updated to reflect the evolving plant design as well as operational aspects 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0

5-14

(e.g., procedures, Technical Specifications, Human Factors, Emergency Planning, Security, 
Programs, etc.) that were not available, or needed by the NRC during the early phase of the 
Project for the issuance of the CP.  The FSAR describes the final design of the facility as well as 
its operational and emergency procedures.  The NRC then prepares a Final Safety Evaluation 
Report (FSER) for the OL, and the ACRS makes an independent evaluation and presents its 
advice to the Commission. 

A public hearing is not mandatory or automatic for OL applications.  However, the NRC 
publishes a notice in the Federal Register that it received an application for an OL, has 
accepted it for review, and is considering issuance of the OL.  The notice provides the public an 
opportunity for those whose interest might be affected by the issuance of the license to request 
a hearing.  If a public hearing is held, the same decision process described for the CP hearing 
applies.

If the issuance is not contested, or upon successful completion of the hearing, the NRC issues 
the OL for the facility.  When the OL is issued, plant construction and testing has been 
completed. 

Part 50 is adaptable to non-LWR designs as evidenced by the following historic NRC non-LWR 
licensing reviews: 

• Hallam (SCGM) 
• Peach Bottom 1 
• Fermi-1 (Fast LMR) 
• Fort St. Vrain (HTGR) 

These reviews were based upon pre-Three Mile Island (TMI) deterministic evaluations and 
evolving LWR criteria.  As a result, this information is of limited usefulness but it is indicative of 
the licensing process that may be used by the NRC.  In the case of the Fort St. Vrain HTGR, 
which was issued an OL in 1973, the NRC stated that they considered how the design met the 
intent of the applicable criteria in 10CFR50 Appendix A, “General Design Criteria.”  The NRC 
also discussed the use of the principles of defense-in-depth and fission product barriers in this 
design including the confinement building and the use of ceramic coated fuel particles.  [Refer to 
the “NRC Staff’s Preliminary Findings Regarding Exelon Generation’s (Exelon’s) Proposed 
Licensing Approach for the Pebble Bed Modular Reactor (PBMR)” dated March 26, 2002].  
More recent NRC non-LWR pre-licensing reviews were conducted for the PRISM (Fast LMR) 
and the MHTGR (Modular HTGR).  These reviews reflected both deterministic and PRA 
evaluations.

In order to support the NGNP application the technical basis for the full scope PRA must be 
developed.  The PRA, in conjunction with deterministic evaluations, are part of the Defense-in-
Depth Approach associated with the NGNP safety analysis.  The PRA will be used in defining 
the Licensing Basis Events and Design Basis Accidents for the NGNP.  The PRA will also 
support the risk-informed definition of SSC safety classification and special treatment 
requirements.  The PRA will also be relied upon for defining NGNP security and emergency 
preparedness requirements and integrating these considerations into the NGNP’s defense-in-
depth safety philosophy. 

The NRC is actively encouraging use of PRA in support of plant licensing activities.  NRC 
Regulatory Issue Summary 2007-06, "Regulatory Guide 1.200 Implementation" was issued on 
3-22-07.  This RIS was issued to inform addressees of how the NRC will implement its technical 
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adequacy review of plant-specific PRAs used to support risk-informed licensing actions after the 
issuance of Regulatory Guide (RG) 1.200, “An Approach for Determining the Technical 
Adequacy of Probabilistic Risk Assessment Results for Risk-Informed Activities.” 

10CFR50 is a viable licensing process for the prototype NGNP facility at INL. 

5.2.1.2 Licensing under 10CFR52 

10CFR52, “Early Site Permits, Standard Design Certifications, and Combined Licenses for 
Nuclear Power Facilities” is the alternative licensing process to 10CFR50 that was established 
in 1989.  10CFR52 Provides for a Combined License (COL), which combines a CP and OL with 
conditions for plant operation.  Part 52 also provides for Early Site Permits and pre-approved 
certified standard plant designs. 

As with 10CFR50, approval must be obtained from the NRC before a nuclear power plant can 
be built and operated under 10CFR52 and the NRC maintains oversight of the construction and 
operation of a facility throughout its lifetime to assure compliance with the Commission’s 
regulations for the protection of public health and safety, the common defense and security, and 
the environment. 

Overview of 10CFR52, “Early Site Permits, Standard Design Certifications, and Combined 
Licenses for Nuclear Power Facilities”.  10CFR52 provides for the issuance of Early Site 
Permits (ESPs), Standard Design Certifications (SDCs), and Combined Licenses (COLs) for 
nuclear power facilities.  Part 52 is a 1-step licensing process that allows for construction and 
operation based upon a single, front-end, review, comment and hearing phase.  The 10CFR52 
licensing process is designed to alleviate concerns associated with the extended delays and 
costs overruns experienced by the Nuclear Industry during the Operating License phase of 
Nuclear Power Plant Projects following the accident at Three Mile Island Unit No. 2 (TMI-2). 

A COL authorizes construction of the facility in a manner similar to a CP under the 2-step, 
10CFR50 licensing process.  The COL Application (COLA) must contain essentially the same 
information required in an application for an OL issued under 10CFR50 and specify the 
inspections, tests, and analyses that the applicant must perform.  It also specifies acceptance 
criteria that are necessary to provide reasonable assurance that the facility has been 
constructed and will be operated in conformity with the license and applicable regulations.  The 
COLA can reference a Design Certification Document, which is the basis for an  NRC Design 
Certification.  It may also reference an ESP if one is available.  If there is no ESP, the 
environmental information required by 10CFR51 would be included in the COLA.  There is also 
a mandatory hearing for a COL. 

After issuing a COL, the Commission authorizes operation of the facility only after verifying that 
the licensee completed required inspections, tests, and analyses and that these acceptance 
criteria were met.  At periodic intervals during construction, the NRC publishes notices of these 
completions in the Federal Register.  Then, not less than 180 days before the date scheduled 
for initial loading of fuel, the NRC will publish a notice of intended operation of the facility in the 
Federal Register.  There is an opportunity for a hearing at this time, but the NRC will consider 
petitions for a hearing only if the petitioner demonstrates that the licensee has not met or will not 
meet the acceptance criteria.  Before a plant can operate, the Commission must determine that 
the acceptance criteria have been met. 
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Overview of the 10CFR52 Early Site Permit Process.  The ESP process, which can be 
adopted under 10CFR52, provides for the pre-approval of a potential site for up to 20 years 
without regard for the reactor type to be constructed.  At the present time, the ESP process 
does not provide for an LWA but NRC and Nuclear Industry activities associated with Part 52, 
including Site Redress Plans, are actively seeking its inclusion.  As discussed previously in 
Section 5.2.1.1, the LWA rule, when issued will revise the LWA process in 10CFR50.10(e) and 
will remove the need for CP and COL applicants and holders of ESPs to obtain a LWA.  This will 
allow certain pre-construction activities such as site clearing, transmission line routing, and road 
building to be conducted prior to formal CP or COL issuance.  In addition, construction of certain 
non-essential SSCs could proceed without NRC review or approval. 

An ESP is essentially an ER that envelopes the plant designs planned for possible use at the 
proposed site.  An ESP, while desirable, is not required by 10CFR52. 

An Early Site Permit (ESP) resolves site safety, environmental protection, and emergency 
preparedness issues independent of a specific nuclear plant design.  The ESP application must 
address the safety and environmental characteristics of the site and evaluate potential physical 
impediments to developing an acceptable emergency plan.  The application contains the 
following information: 

• Site boundaries; 
• Seismic, meteorological, hydraulic, and geologic data; 
• Location and description of any industrial, military, or transportation facilities and routes; 
• Existing and projected future population of the surrounding area; evaluation of alternative 

sites;
• Proposed general location of each plant planned to be on the site; 
• Number, type and power level of the plants planned for the site; 
• Maximum discharges from the plant; 
• Type of plant cooling system to be used; 
• Radiation dose consequences of hypothetical accidents; and 
• Plans for coping with emergencies. 

The NRC documents its findings on site safety characteristics and emergency planning in a 
SER and on environmental protection issues in the DEIS and FEIS. 

As discussed above, the ESP will also allow for a LWA to perform non-safety site preparation 
activities, subject to redress, in advance of issuance of a combined license.  [N.B. — the 
proposed Final LWA Rulemaking described in SECY-07-0030 as described above in the 
Overview of 10CFR50 will also apply to 10CFR52.] 

After the NRC staff and the ACRS complete their safety reviews, the NRC issues a Federal 
Register notice for a mandatory public hearing.  The ESP is initially valid for no less than 10 and 
no more than 20 years and can be renewed for 10 to 20 years. 

The ESP process is actively being pursued and the NRC has issued ESPs for 2 sites to date.  
Although these successes are encouraging, they are for existing nuclear power plant sites (i.e., 
the Clinton and Grand Gulf sites).  These sites were originally approved for second units that 
were later cancelled.  Even though these sites were not contested, the ESP process required 
approximately 4-years to complete.  This duration will become shorter with experience as other 
ESP applications are approved and the NRC achieves the staffing levels needed to support the 
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projected demands.  However, "greenfield" sites and/or contested sites may introduce the 
potential for delay. 

Overview of the 10CFR52 Design Certification Process.  Under 10CFR52, the NRC may 
approve and certify a standard nuclear plant design through a rulemaking, independent of a 
specific site.  The design certification is valid for 15 years.  An application for a SDC must 
contain proposed inspections, tests, analyses, and acceptance criteria (ITAAC) for the standard 
design.  Additionally, the application must demonstrate how the applicant complies with the 
Commission’s relevant regulations. 

The safety review of the application is based primarily on the information submitted by the 
applicant under oath or affirmation.  An application must contain a level of design information 
sufficient to enable the Commission to reach a final conclusion on all safety questions 
associated with the design.  In general terms, a design certification application should provide 
an essentially complete (but not necessarily detailed) nuclear plant design, with the exception of 
site-specific design features such as intake structures and the ultimate heat sink. 

The application presents the design basis, the limits on operation, and a safety analysis of 
SSCs of the facility as a whole.  The scope and contents of the application are equivalent to the 
level of detail found in an OL-stage (i.e., FSAR) application for a currently operating plant.  A 
plant-specific Probabilistic Risk Assessment (PRA) is also required.  The NRC staff prepares a 
SER that describes its review of the plant design and how the design meets applicable 
regulations.

The ACRS reviews each application for a SDC, together with the NRC Staff’s SER, in a public 
meeting.  Upon determining that the application meets the relevant standards and requirements 
of the Atomic Energy Act and the Commission’s regulations, the Commission drafts a rule to 
issue the SDC as an Appendix to the 10CFR52 regulations.  Members of the public may submit 
written or oral comments on the proposed design certification rule.  The Commission may hold a 
hearing at its discretion. 

The issues that are resolved in a design certification rulemaking are subject to a more restrictive 
change process than issues that are resolved under other licensing processes.  That is, the 
NRC cannot modify a certified design unless it finds that the design does not meet the 
applicable regulations in effect at the time of the design certification, or if it is necessary to 
modify the design to assure adequate protection of the public health and safety. 

An application for a combined license under 10CFR52 can incorporate by reference a SDC 
and/or an ESP.  The advantage of this approach is that the issues resolved during the design 
certification rulemaking and the ESP hearing processes are precluded from reconsideration 
later at the COL stage. 

Although several SDCs have been issued since 10CFR52 was issued in 1989 [i.e., the GE 
ABWR, the Westinghouse (formerly ABB-Combustion Engineering) System 80+, the 
Westinghouse AP600, and the Westinghouse AP1000], 10CFR52 is an unproven process.  No 
COLAs have been filed to date and the NRC has not issued any COLs.  The NRC is also "re-
visiting" previously issued SDCs (i.e., the Westinghouse AP1000) to address potential issues of 
concern that are being evaluated on more recent SDC applications (e.g., the GE-ESBWR).  
Despite these gestation problems, 10CFR52 should be a viable licensing process in the future. 

10CFR52 is a viable Licensing Process for the prototype NGNP facility at INL. 
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5.2.1.3 Licensing under 10CFR53 

The Federal Register, 71FR26267 through 26275 dated May 4, 2006, contains the NRC’s 
Advanced Notice of Proposed Rulemaking (ANPR) for the "Approaches to Risk-Informed and 
Performance-Based Requirements for Nuclear Power Reactors."  The NRC is considering 
developing a comprehensive set of risk-informed, performance-based, and technology neutral 
requirements for licensing nuclear power reactors.  These requirements would be included in 
NRC regulations as a new 10CFR53 and could be used as an alternative to the existing 
requirements in 10CFR50 and 10CFR52.  As described in the ANPR, the proposed Part 53 will 
be applicable to any advanced reactor technology including non-LWR reactor designs.  
However, the NRC also notes that there are two major activities that must be conducted in 
support of Part 53.  They are: (1) to develop the technical basis for rulemaking for 10CFR53 and 
(2) develop the regulations and associated guidance for 10CFR53. 

On-going Industry activities, as identified in the following list of potential future non-LWR 
applications in addition to the NGNP, present a compelling argument for 10CFR53 and its risk-
informed, performance-based, and technology neutral requirements: 

• PMBR (Modular HTGR) 
• GNEP Prototype Advance Burner Reactor (Fast LMR) 
• 4S Reactor (Small Fast LMR) 
• NGNP Commercial Reactor (VHTR - Gas Cooled) 
• Other Generation IV Reactors 

These applications, like NGNP, will need to reflect PRA-based new requirements in conjunction 
with deterministic engineering evaluations. 

Licensing under 10CFR53, while promising, does not appear to be a viable near-term option.  
Most NRC regulations, guidance documents and industry standards are directed at LWRs.  
While on-going efforts associated with the new ALWR designs may be applicable to the NGNP, 
the majority of the existing regulations, guidance documents and industry standards will not be 
applicable to the VHTR design. 

As noted above, the technical bases for 10CFR53, and its supporting regulations and associ-
ated guidance, must be developed.  NRC activities associated with the 10CFR53 rulemaking 
are limited at present given that virtually all of the NRC’s resources are being focused on the 
pending Standard Design Certification and COL applications as well as on activities needed to 
support the continued safe operation of the existing commercial nuclear plants.  Even if 
10CFR53 could be available in time to use as a licensing basis for the NGNP, the potential 
application of Part 53 to the NGNP will require extensive interface and cooperation with the 
NRC.

NGNP licensing under 10CFR53 is not a viable option at this time. 

5.2.1.4 “Licensing by Test” Licensing Method 

The existing Code of Federal Regulations (i.e., 10CFR50 and 10CFR52) requires a formal 
Safety Analysis Report (SAR) for commercial nuclear power plants.  The prototype NGNP (and 
the envisaged VHTR commercial facility) is a full-size power production facility, not a test 
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reactor per se.  As a result, the NRC will require a formal SAR in accordance with 10CFR50 
and/or 10CFR52. 

No current regulatory framework exists, and no regulatory framework has been formally 
proposed by the NRC, for “license by test”.  The “license by test” philosophy has been 
discussed in a variety of forums including meetings of the Advisory Committee on Reactor 
Safeguards (ACRS). The discussions have centered on building a full-size demonstration facility 
and performing a series of tests to identify the dominant risk contributors for the facility and to 
preclude extra features in the design that do not provide additional margin of safety. The data 
from the testing would be used to certify the design. 

While testing alone will not be sufficient for facility licensing, testing will undoubtedly be a very 
important constituent of the NGNP licensing process.  Testing can be used to validate many of 
the analytical results presented in the SAR regardless of the licensing process used.  One key 
area of concern is whether full fuel qualification can be achieved in time to support the planned 
NGNP operation date and so fuel qualification may be a candidate for licensing by test. 

It should also be noted that the "license by test" approach is a high-risk option.  Testing could 
severely stress structures, systems and components (SSCs) necessitating repair, supplemental 
analysis, reductions in qualified life, and possible component replacements.  This could 
adversely affect the ability of the facility to achieve its long-term mission of 30-years operation 
and the potential loss of availability and additional operational costs could also significantly 
impact the Plant investment.  The ability to secure financial backing could also be adversely 
affected given the implications of negative testing results on an essentially completed plant. 

Even if a "license by test" approach could be established with the NRC, the implementation of 
such an approach for the NGNP would require extensive discussion and interface with the NRC 
and the Plant investors. 

Based upon the above factors, the "license by test" approach does not appear to be a viable 
option for obtaining a NRC license for the NGNP. 

5.2.1.5 Environmental Permitting 

The purpose of this section of the study is to define the environmental permitting requirements 
for the NGNP beyond the nuclear licensing requirements imposed by the NRC.  Environmental 
permitting will also be required for the hydrogen production plants.  Permits will be required from 
the US Environmental Protection Agency (EPA), the Idaho Department of Environmental Quality 
(IDEQ), the US Army Corps of Engineers (COE), and other cooperating local agencies identified 
in the study.  Table 5.2-1 lists permit/regulation and agency, disposition, and requirements.  A 
summary discussion of the permit requirements and necessary approvals is provided below.  In 
addition to new permits, integration with INL existing permits for the NGNP site may be required 
by way of renewal or modification. 
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5.2.1.5.1 National Environmental Policy Act 

Under the Energy Policy Act of 2005, the NRC requires a permit applicant to provide 
environmental information related to the construction and operation of the NGNP.  This 
information will take the form of an Environmental Report (ER).  The ER will encompass 
sufficient data to aid the NRC in its development for an independent analysis.  The information 
provided would both support the proposed activity and address potential adverse impacts.  The 
analysis in the ER will be reflected in the NRC’s Environmental Impact Statement (EIS), which is 
a document that is generated to independently comply with the National Environmental Policy 
Act (NEPA).  The NRC is responsible for evaluating the information that it uses to prepare the 
EIS.

The data gathered and information developed to support the ER and construction and operating 
license application should be sufficient detail to also support the permitting activities described 
in this section. 

5.2.1.5.2 Federal Environmental Permits 

The US EPA has permit-granting authority in Idaho under the Clean Water Act (CWA), covering 
the National Pollutant Discharge Elimination System (NPDES) discharge permit.  This does not 
eliminate the State’s involvement in the discharge permit process in that the Idaho Department 
of Environmental Quality (IDEQ) must issue a Water Quality Certification for the receiving water 
based on the permitted effluent under water quality and existing in-stream water quality 
conditions.  It is anticipated that both construction storm water and operational storm water 
discharge permits will be required, as well as an industrial wastewater discharge permit. 

The Resource Conservation and Recovery Act (RCRA) permits allow the generation, 
transportation, treatment, storage, and disposal of hazardous waste.  The RCRA permits 
required will be specific to the waste being generated at the facility.  Per the EPA, Idaho State 
has also implemented its own waste management programs and receives primacy over waste 
issues.  Permitting will be required for hazardous and non-hazardous waste.  Requirements 
from DOE Orders for environmental protection will also have to be satisfied. 

To use federal lands, Sections 106 and 110 of the National Historic Preservation Act of 1966 
requires a consultation on historic and cultural resource issues.  Supporting requirements are 
from the Archaeological and Historic Preservation Act of 1974 (AHPA) and the Archaeological 
Resources Protection Act of 1979 (ARPA). The Federal Antiquities Act, regulated by the US 
Department of Interior, also requires that if antiquities are found during construction, they must 
be excavated. 

5.2.1.5.3 State Environmental Permits 

The Idaho Department of Environmental Quality requires a Tier I (Title V) Operating Permit for 
major sources of air pollution and minor sources that may be subject to New Source 
Performance Standards and National Emissions Standards for Hazardous Air Pollutants.  A 
Permit to Construct is required to construct or modify stationary sources of air pollution as well 
as portable equipment.  This would apply to black-start emergency generators, any off-gas 
stack air emissions from the power plant, and any air emissions from the hydrogen generation 
facility process.  Permits from the IDEQ will be required for dust related to construction under 
the Fugitive Dust Prevention Plan. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 5-24 

The State of Idaho is also required to certify that any permit or license issued by a federal 
agency for an activity that results in a discharge into waters of the state will not violate state 
water quality standards.  This water quality certification is required before an NPDES permit can 
be issued.  If a wet cooling tower is used to reject waste heat from the reactor to the 
environment, then it will result in blow down wastewater generated at the outlet of the cooling 
tower, which needs a water quality certificate if it is discharged to a receiving water body.  If the 
deep well or groundwater injection option is utilized, permits from the Idaho Department of 
Water Resources are required for artificial openings and excavations in the ground greater than 
18 vertical feet below land surface. 

After implementation of Best Management Practices, Idaho requires an Erosion and Sediment 
Control plan for all construction sites that involve land-disturbing activities.  It must be submitted 
and approved by Planning and Development Services in Idaho. 

The Idaho Department of Water Resources requires permits for well construction drilling, likely 
for this project.  Well water withdrawal for cooling purposes would require a Well Permit Form.  
Other miscellaneous water rights and alteration work done inside the ordinary high water mark 
of a continuously flowing stream requires a Stream Channel Alteration Permit from the Idaho 
Department of Water Resources, which will not be applicable to this project. 

Right-of-Way, easement, special use, access, and encroachment permits are necessary from 
various federal, state, and county entities such as The U.S. Bureau of Land Management, U.S. 
Forest Service, U.S. Department of Agriculture, Idaho Department of Lands, Idaho Department 
of Transportation, Bonner County, and local fire departments. This would include required 
permits for underground storage of Class 1 flammable liquids (hydrogen storage).  Furthermore, 
some permits required by Butte, Bingham, and Jefferson Counties require land use/zoning, 
building, special use, conditional use, excavation, drainage, road access, and flood plain review. 

5.2.1.5.4 Schedule for Environmental Permitting 

The collection of engineering data required to support permitting, such as emission and effluent 
characterization, cooling water system design, and site plan development, (including 
construction and final plant drainage features) have been allotted approximately one year from 
project start, in the attached schedule.  Permit application preparation is estimated to require 6 
months following the engineering activities followed by submittal to the agencies for approval.  
Permit approvals are of various durations dependant upon the complexity of the review and 
public comment cycles.  All permits are anticipated to be issued within one year of submittals.  
This results in an overall permitting schedule of 2.5 years. 

5.2.1.6 Recommended Licensing Approach 

The following paragraphs discuss the key points considered in selecting a preferred licensing 
process for the prototype NGNP facility at INL.  The 10CFR53 and "License by Test" licensing 
process are excluded from the following discussions since they were determined not to be 
viable options at this time. 

5.2.1.6.1 Basis for an Operating License 

Under 10CFR50, separate permits to construct and to operate (i.e., the CP and OL) are issued 
by the NRC.  The Licensee first applies for a CP using a PSAR, which reflects a design that is 
still evolving.  The OL is issued based upon the FSAR, which captures the final design and 
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operational considerations that were not available during the CP-stage of the project.  Under 
10CFR50, a specific site is approved as a part of the CP.  Part 50 involves the development of 
an ER and the NRC’s issuance of a Draft and a Final Environmental Impact Statement in 
accordance with 10CFR51.  10CFR50 also provides for the issuance of a LWA by the NRC that 
allows non-nuclear construction at the specified site prior to issuance of a formal CP. 

10CFR52 is the 1-step licensing process that allows for construction and operation based upon 
a single, front-end, review, comment and hearing phase.  10CFR52 is designed to minimize 
financial exposure associated with licensing delays.  Part 52 provides for the issuance of ESPs, 
SDCs, and COLs for nuclear power facilities.  10CFR52 is premised on the assumption that the 
as-built facility does not depart from the approved upper-tier design criteria.  In order to secure 
NRC design and operational approval, the COL Application (COLA) must contain detailed 
design and operational information equivalent to that provided in a well-advanced FSAR.  The 
10CFR52 ITAAC process provides for the closure of issues of regulatory significance that 
cannot be adequately addressed in the COLA.  It is important to note that 10CFR52, while 
promising, remains an unproven process. 

The information required by the NRC for licensing a nuclear power plant under either 10CFR50 
(i.e., the FSAR + ER) or 10CFR52 (i.e., the COLA + ER or ESP) is essentially the same.  The 
NGNP will need to address the evolving regulations and implementation guidance under either 
the 10CFR50 or 52 processes.  The primary advantage of licensing the prototype NGNP facility 
at INL in accordance with 10CFR50 is that the process supports plant construction activities in 
parallel with the evolution of the final design.  This is not the case under 10CFR52 since the 
plant design and operational considerations need to be much more advanced to support the 
issuance of a COL.  The 10CFR52 licensing process is also directed at plants having SDCs, 
although an SDC is not specifically required for a COLA.  The prototype NGNP at INL is not an 
NRC certified design and only the NGNP prototype is planned for the INL site. 

10CFR52 will be the preferred option for licensing future plant offers.  That is, since the design 
and licensing of the NGNP prototype unit will continue to evolve though its initial operation, a 
SDC based upon a licensed prototype facility in conjunction with an ESP would best support 
future plant orders.  The 10CFR52 Licensing documents needed to support NGNP follow-on 
commercial plants [i.e., the Design Control Document (including its Tier 1 and Tier 2 Criteria), 
the Combined Operating License Application (COLA) documents, the Probabilistic Risk 
Assessment (PRA), and the Early Site Permit/Environmental Report (ESP/ER)] should be 
developed based upon the NGNP 10CFR50 Operating License (OL) phase documents as 
approved by the NRC.  This will facilitate the submittal and approval of future commercial plant 
license applications. 

5.2.1.6.2 Licensing Costs 

The costs associated with licensing under 10CFR50 or 52 will be very similar.  Data collection, 
analysis, documentation, testing, and interfaces with the NRC [e.g., Requests for Additional 
Information (RAIs)] needed to support the prototype NGNP at INL are basically the same.  While 
more public hearings will be required under 10CFR50, the potential for delays due to litigation 
should not be significantly different.  While public opposition for the prototype NGNP at INL is 
expected, the passive safety features of the facility should alleviate legitimate public concerns.  
This will support a timely positive decision with minimal litigation-related delay and corrective 
action.
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In conclusion, there is no apparent cost advantage for licensing the prototype NGNP at INL 
under either 10CFR50 or 52. 

5.2.1.6.3 Project Schedule 

Once the revised 10CFR50.10(c) is issued by the NRC, a LWA can be issued for the NGNP 
under either 10CFR50 or 52.  As a result, the amount of work that can be conducted prior to the 
issuance of a CP or a COL is the same. 

However, nuclear construction activities can be initiated earlier under 10CFR50 than under 
10CFR52 since nuclear construction is allowed once the CP is issued by the NRC.  The CP is 
based upon NRC approval of the PSAR and CP-stage ER.  Nuclear construction under 
10CFR52 is based upon the issuance of a COL and the ESP/ER by the NRC.  The level of 
information needed to secure the CP is significantly less than that needed in an FSAR to 
support the OL.  The completeness of the design and supporting analysis and testing needed to 
support a PSAR and CP application is much less than that required to support a COLA.  The 
prototype NGNP at INL is not intended to be an NRC certified design.  In addition, the 
information that will be needed by the NRC to issue a COL for the NGNP is equivalent to that 
needed to support an FSAR.  As a result, the construction of nuclear safety related NGNP SSCs 
under 10CFR50 should be able to be initiated earlier in the project schedule since it is tied to the 
CP as opposed to the final COL. 

Licensing under 10CFR50 will allow completion of NGNP design and licensing in parallel with 
ongoing plant construction activities.  However, this advantage may be negated to a degree if a 
more advanced design is needed to satisfy NRC reviewer expectations.  In addition, the 
application of modular construction techniques favors the 10CFR52 Licensing Process since it 
requires a level of design advancement not needed to support the construction of nuclear power 
plants in the past under 10CFR50. 

5.2.1.6.4 Project Risk 

The 10CFR52 Licensing Process is specifically designed to resolve all technical issues prior to 
COL issuance and the start of nuclear construction thereby minimizing the potential for 
licensing-related delay and remedial actions.  Under 10CFR50, the detailed reactor design 
review does not occur until after the CP is issued and construction is underway.  The 10CFR50 
Licensing Process incurs additional risk since elements of the design are still evolving.  As a 
result, large amounts of capital investment are at risk should the NRC design review process or 
the public hearings reveal serious design flaws that prevent or delay completion of the facility.  
This could result in rework and associated delays.  The 10CFR50 process also includes the risk 
that the issuance of the OL could be delayed thereby impacting fuel load, start-up and pre-
operational testing, and power (commercial) operation.  These exposures also exist in the COL 
Licensing Process, albeit to a lesser degree, if a petitioner was to successfully demonstrate that 
the Licensee has not met or will not meet the acceptance criteria upon which the COL is based. 

At this time, there is no commercial commitment for the NGNP to supply forecast electric load 
growth or supply market demands for hydrogen.  As a result, there should not be any 
commercial penalties should the NGNP fail to satisfy the planned completion schedule.  
However, these delays threaten the return on investment of the Alliance members if electric 
generation and hydrogen production are delayed. 
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Given the passive nature of the NGNP, licensing issues should be fewer and easier to resolve 
than for LWRs and ALWRs.  However, this advantage may be offset since NGNP licensing 
either under 10CFR50 or 52 will be a learning process for the NRC.  NRC regulations, guidance 
documents and industry standards are evolving.  They are not well suited to advanced plant 
designs since they are based on deterministic safety evaluation criteria (i.e., single failure 
criteria, redundancy, diversity, and other defense-in-depth nuclear safety principles) versus risk-
informed, performance-based safety evaluations, passive safety concepts, graded-Quality 
Assurance, and digital technology.  10CFR50 also reflects LWR operational feedback that is not 
necessarily applicable to the NGNP. 

Passive safety concepts and reliance on risk-based evaluations will require extensive interface 
with the NRC both in terms of NRC approval and in the application of these approvals in the 
final NGNP design.  The analytical tools, and any research and development, needed by the 
NRC to review the NGNP design and safety performance must be established, funded and 
completed.  At present, the following NGNP topical areas have been identified for research and 
development efforts: 

• Fuel performance 
• Nuclear analysis 
• Source term analysis 
• Graphite components 
• Metallic components 
• Thermo-fluid analysis 
• H2 production facilities 
• Review infrastructure 
• PRA 
• Human factors 
• Advanced I&C 
• Consequence analysis 
• Fuel cycle/materials safety 
• Materials protection 

The integrated NGNP, which couples a GT-MHR nuclear power plant with a H2 production 
facility, will also introduce design and operational licensing interface concerns not previously 
addressed by the NRC or the industry.  Numerous NRC Requests for Additional Information 
(RAIs), many of which will be of an "educational" nature, are expected.  As a result, the 
application of 10CFR50 to the NGNP will require close interface and cooperation between the 
industry and the NRC. 

The risks associated with licensing under 10CFR50 are known.  However, 10CFR52 is an 
unproven process that is evolving.  While the premise behind 10CFR52 is sound, there may be 
unanticipated risks. 

NGNP environmental licensing activities must be conducted in accordance with 10CFR51 under 
either 10CFR50 or 52.  Unlike the 10CFR50 Licensing Process, the ESP review process 
provided under 10CFR52 includes public hearings that are primarily limited to site-related 
environmental issues independent of the reactor design.  Once the NRC responds to the 
comments that arise during the ESP hearings and issues its FEIS, these issues cannot be 
reopened later during the construction permit or operating license hearings.  This reduces the 
possibility of legal challenges to the project after large amounts of capital are invested. 
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However, the use of the ESP process for the NGNP also involves risks.  The ESP process was 
developed to support the 10CFR52 COL process.  A possibility might be to combine the 
10CFR52 ESP process with the 10CFR50 Licensing Process, but this has not been tried before 
and the NRC may not agree with this approach.  Special legal considerations may be necessary 
to isolate the issues resolved during the ESP hearings from later interactions that occur as part 
of the construction and operating license hearing processes. 

The Project schedule can accommodate the traditional ER with DEIS and FEIS approvals 
required by the 10CFR50 licensing process.  As a result, there is no need to pursue an ESP for 
the INL site.  A traditional ER and NRC EIS approach might support the project schedule better 
than an ESP application.  They could also serve as the basis for future ESP applications. 

The 10CFR50 and 10CFR52 processes both present areas of licensing risks.  However, the 
risks associated with 10CFR50 are better known and they could be minimized by advanced 
communications and planning with the NRC, complete and accurate documentation, and prompt 
responses to RAI and other NRC communications. 

5.2.1.7 Conclusions 

Licensing Process.  The NGNP is subject to Title 10, "Energy" of the Code of Federal 
Regulations and those regulations applicable to a Class 103 Commercial Power Reactor as 
defined in 10CFR50.22.  The NGNP is a demonstration plant aimed at commercial viability.  It is 
a power reactor, not a research or test reactor.  The NRC issues licenses to research and test 
reactors according to the total thermal (heat) energy produced.  These facilities range in size 
from 0.10 to ~100 MWt.  Because of the large difference in power generated, the consequence 
of an accident at a research and test reactor is limited when compared to a commercial power 
reactor.  This allows the Commission to impose the minimum amount of regulations and terms 
of license as will permit the Commission to fulfill its obligations under the Atomic Energy Act of 
1954 as amended.  As a result, the application of 10CFR50.21, "Class 104 Licenses; for 
Medical Therapy and Research and Development Facilities" is not appropriate given the thermal 
power rating of the NGNP and its intended purpose. 

Using the 10CFR50 licensing process for the NGNP is the most prudent approach at this time.  
Under either 10CFR50 or 10CFR52, extensive pre-CP application interaction with the NRC will 
be required to both apprise the NRC staff and to better define the acceptance criteria for 
licensing the NGNP.  It is anticipated that the final, approved acceptance criteria will reflect an 
integrated regulatory approach utilizing risk informed and deterministic evaluation techniques.  
PRA will be extensively used to support plant design and accident analysis.  The NRC and DOE 
must do their part in providing definitive licensing bases for the NGNP that are stable and 
achievable.

Successful implementation of a 10CFR52 licensing process for the prototype NGNP at INL 
would be problematic, as the plant design will lack the design maturity needed to support a SDC 
or a COLA.  The project schedule does not support the development of either a SDC or a 
detailed COLA.  There is considerable uncertainty associated with the 10CFR52 process.  The 
ability of 10CFR52 guidelines to minimize the potential licensing exposure may not be 
recognized if the actual plant design cannot satisfy, or adequately demonstrate compliance with 
the upper-tier criteria and ITAAC specified in the COLA.  In addition, nuclear litigation in the US 
has also adopted a tolerant stance toward the public.  Unless the NRC is willing to aggressively 
challenge petitioners who do not have credible, technically backed concerns, anti-nuclear 
interveners may disrupt the process.  It is not unreasonable to assume that the 10CFR52 
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licensing process could be subject to the same legal-process delays that adversely affected 
10CFR50 licensing activities following the accident at TMI-2. 

However, follow-on commercial facilities based on the modular HTGR could be licensed under 
10CFR52 (or perhaps 10CFR53) based on certified standard designs based on the NGNP.  The 
10CFR52 (or perhaps 10CFR53) Licensing documents needed to support NGNP follow-on 
commercial plants [i.e., the Design Control Documents (including its Tier 1 and Tier 2 Criteria), 
the Combined Operating License Application (COLA) documents, the Probabilistic Risk 
Assessment (PRA), and the Early Site Permit/Environmental Report (ESP/ER)] should be 
developed based upon the NGNP 10CFR50 Operating License (OL) phase documents as 
approved by the NRC.  This will facilitate the submittal and approval of future commercial plant 
license applications.  ESPs could also be secured for potential sites.  This would allow the 
licensing of subsequent NGNP-based commercial plants under the one-step licensing process. 

A "Licensing by Test" strategy can be incorporated as a contributing part of the selected 
licensing process, be it either 10CFR50 or 10CFR52.  It cannot be regarded as viable on its 
own.  Due to uncertainties associated with certain facets of the NGNP design and operational 
characteristics, a “Licensing by Test” strategy, if accepted by the NRC, could provide the 
confirmation of performance characteristics needed to support full-power operation.  The use of 
stepped power increases, monitoring, hold points, and surveillances could be utilized to 
demonstrate that NGNP SSCs have in fact satisfied performance objectives in accordance with 
the approved plant design and licensing bases. 

The traditional two-step 10CFR50 licensing process has been in use for more than forty years.  
It is well understood.  It was used for the Fort St. Vrain HTGR, providing the NRC a degree of 
familiarity and acceptance of technology akin to that of the NGNP.  However, the integrated 
NGNP, which couples an MHR nuclear power plant with a hydrogen production facility, will 
introduce design and operational licensing interface concerns not previously addressed by the 
NRC or the industry. 

The 10CFR50 licensing process supports plant design and construction as parallel activities.  
Taking advantage of the ability to start construction in parallel with design evolution has 
schedule advantages and some financial risk. 

Licensing Costs.  No clear licensing cost differentials are apparent with either the Part 50 or 52 
approaches.  Technical support, documentation, RAI responses, etc. are expected to be similar. 

Schedule.  A 10CFR52 approach will make it very difficult to meet the scheduled operation 
date.  ESP approvals on relatively uncontested ESP applications have been taking four years, 
which is about the same duration as expected for a CP.  Thus, there does not seem to be any 
incentive to pursue an ESP under a Part 50 approach. 

10CFR50 licensing for a reactor lacking a Design Certification should have a significant 
schedule advantage over the 10CFR52 process assuming that allowed pre-LWA and LWA work 
are similar in both cases.  The 10CFR50 process will allow “nuclear” construction to begin 
based on PSAR and ER approvals, which require far less engineering and design maturity than 
does that required for a DCD and COLA. 

Project Risk.  A Part 50 approach entails the risk of rework and delays since design completion 
and some construction will proceed in parallel with NRC reviews of the FSAR.  In addition, 
public hearings will be required prior to CP and OL issuances.  However, the Part 50 process is 
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well known and the risk associated with hearing-related delays can be minimized via a 
comprehensive design that satisfies applicable NRC regulations and guidance, effective 
communications with the general public, and aggressive hearing management. 

A Part 52 approach presents significant risk of schedule delays.  It is still an untested process, 
and subject to revision.  There will be ongoing learning curves for both the NRC and the 
licensee.  Associated delays can be expected. 

At this time there is no commercial commitment for NGNP to meet forecasted future energy and 
material demands.  Therefore, late completion will incur no associated fiscal penalty such as 
having to purchase alternate replacement power.  Investors in the NGNP, however, may expect 
a return on investment from selling product, which could be influenced by the selected licensing 
process.

5.2.2 Preliminary Hydrogen Plant Hazards Assessment 

A preliminary hazards assessment for the NGNP prototype SI-Hydrogen plant is described in 
this section.  This hazards assessment is similar to that performed recently for the integrated 
laboratory-scale loop test that will be performed at GA.  Both the SI-based plant and HTE-based 
plant have hazards associated with hydrogen, electricity, and high-temperature heat, but the 
hazards for the SI-based plant are expected to be more bounding because of the chemicals 
involved. 

5.2.2.1 Background 

Chemical process safety is a comprehensive, systematic approach encompassing the proactive 
identification, evaluation, and mitigation or prevention of chemical releases that could occur as a 
result of failures in process, procedures, or equipment.  Although the concept had been in 
existence before the catastrophic chemical release in Bhopal, India in 1984 that killed 3,000 
people and injured 100,000, it was this tragedy that brought about complete acceptance of the 
concept as industry standard practice, formalized in 1985 with the creation of the Center for 
Chemical Process Safety (CCPS) by the American Institute of Chemical Engineers. 

Regulatory oversight of process safety was codified in 1990, when Congress passed the Clean 
Air Act amendments following Bhopal and several other serious domestic and international 
chemical plant incidents.  The legislation has three major provisions impacting chemical safety 
and gave added authority to the Occupational Safety and Health Administration (OSHA) and the 
U.S. Environmental Protection Agency (EPA) to regulate the chemical industry. 

OSHA was directed to create, promulgate, and enforce the so-called PSM standard--Process 
Safety Management of Highly Hazardous Chemicals (29 CFR 1910.119).  The PSM standard 
emphasizes the management of hazards through a comprehensive program that integrates 
technologies, procedures, and management practices.  The standard has 16 elements, 14 of 
which are mandatory.

One key element mandated is the process hazard analysis (PHA), which OSHA’s PSM 
compliance guidelines define as "an organized and systematic effort to identify and analyze the 
significance of potential hazards associated with the processing or handling of highly hazardous 
chemicals." The PHA leads to the development of operating, maintenance, and training 
procedures, along with emergency response and incident investigation elements.  Compliance 
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audits are also included in the standard, ensuring that noncompliers will face legal 
consequences such as citations or fines. 

5.2.2.2 Probabilistic Risk Assessment 

This PHA uses a combination of probability that an incident can occur, with the severity in the 
event that it does occur.  Table 5.2-2 defines the levels for these factors. 

Table 5.2-2.  Probability and Severity Definitions 

Probability Severity 

A-Likely to occur immediately or within a short 
period of time 

I-May cause death, loss of facility/asset 

B-Probably will occur in time II-May cause severe injury 

C-May occur in time III-May cause minor injury 

D-Unlikely to occur IV-Minimal threat 

Using a Risk Matrix, a Risk Assessment Code (RAC) can be determined.  After mitigations or 
controls are considered for the risk, a Mitigated Risk Assessment Code (MRAC) can be 
determined to outline the anticipated effect of the mitigation.  Table 5.2-3 shows the Risk Matrix. 

Table 5.2-3.  Risk Matrix 

  Probability 

Risk Assessment Code Severity A B C D

1=Critical I 1 1 2 3 

2=Serious II 2 2 3 4 

3=Moderate III 3 3 4 5 

4=Minor IV 4 4 5 5 

5=Negligible V     
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The following PHA lists a series of potential risks during operation of the NGNP SI-based 
hydrogen production plant.  Mitigations are associated with each risk and a RAC and MRAC are 
calculated and shown.  Mitigated severity is shown as MSEVERITY, and mitigated probability is 
shown as MPROB. 

1  To Public 
1.1  Chemical Hazards 

1.1.1  Inhalation of Toxic Gases 
• Plume modeling for plant site as an integral part of plant design 
• Plant and local authorities conduct hazardous materials incident emergency 

exercises 
• Water spray curtains 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Continuous monitoring security alarms and gas leak detection 
• Worker training/refresher training 
• Planned, preventative plant maintenance 
• Evacuation of downwind exposure areas 

RISK SEVERITY PROB RAC MSEVERITY MPROB MRAC 

1.1.1 I C 2 I D 3 

2  To Workers 
2.1  Chemical Hazards 

2.1.1  Inhalation of Toxic Gases 
• Continuous monitoring security alarms and gas leak detection 
• Worker training/refresher training 
•  “Two man” rule 
• Personnel protective equipment 
• Self-contained breathing apparatus in enclosed spaces 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 

2.1.2  Asphyxiation 
• Continuous monitoring security alarms and gas leak detection 
• Worker confined space  training/refresher training 
•  “Two man” rule 
• Personnel protective equipment 
• Self-contained breathing apparatus in enclosed spaces 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 
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2.1.3  Skin Contact with Toxic Liquids 
• Worker training/refresher training 
•  “Two man” rule 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Containment Dikes 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 

2.1.4  Skin Contact with Toxic Solids 
• Worker training/refresher training 
•  “Two man” rule 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 

2.2  Thermal Hazards 
2.2.1  Hot Gases 

• Continuous monitoring security alarms and gas leak detection 
• Worker training/refresher training 
•  “Two man” rule 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 

2.2.2  Hot Liquids 
• Worker training/refresher training 
•  “Two man” rule 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Containment Dikes 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 
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2.2.3  Hot Surfaces 
• Worker training/refresher training 
•  “Two man” rule 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 

2.3  Fire/Explosion/Rapid Chemical Reaction 
2.3.1  Within Equipment 

• Worker training/refresher training 
• Automatic shutdown on high temperature or pressure warning 
•  “Two man” rule 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 

2.3.2  Outside Equipment 
• Worker training/refresher training 
• Automatic shutdown on high temperature or pressure warning 
• Continuous monitoring security alarms and gas leak detection 
• Plume modeling for plant site as an integral part of plant design 
• Plant and local authorities conduct hazardous materials incident emergency 

exercises 
• Water spray curtains 
•  “Two man” rule 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 

2.4  Mechanical Hazards 
2.4.1  Working Aloft

• Worker training/refresher training 
•  “Two man” rule 
• Lockout/Tagout Procedures 
• Personnel protective equipment 

2.4.2  Vehicle Operation 
• Worker training/refresher training 
• Personnel protective equipment 
• Vehicle operating areas clearly marked 
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2.4.3  Rotating Machinery 
• Worker training/refresher training 
• Personnel protective equipment 
• Equipment operating areas clearly marked 

2.4.4  Noise Hazards 
• Worker training/refresher training 
• Personnel protective equipment 
• High noise areas clearly marked 

2.4.5  Heavy Lifting 
• Worker training/refresher training 
• Personnel protective equipment 

2.5  Electrical Hazards 
2.5.1  Shock 

• Worker training/refresher training 
• Personnel protective equipment 
• Lockout/Tagout Procedures 
• Automated external defibrillator (AED) available 
• Planned, preventative plant maintenance 

2.5.2  Fire 
• Worker training/refresher training 
• Lockout/Tagout Procedures 
• Plume modeling for plant site as an integral part of plant design 
• Plant and local authorities conduct hazardous materials incident emergency 

exercises 
• Water spray curtains 
•  “Two man” rule 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 

RISK SEVERITY PROB RAC MSEVERITY MPROB MRAC 

2.1.1 I C 2 I D 3 

2.1.2 I C 2 I D 3 

2.1.3 II C 3 II D 4 

2.1.4 II C 3 II D 4 

2.2.1 II C 3 II D 4 

2.2.2 II C 3 II D 4 

2.2.3 II C 3 II D 4 

2.3.1 I C 2 I D 3 

2.3.2 I C 2 I D 3 
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RISK SEVERITY PROB RAC MSEVERITY MPROB MRAC 

2.4.1 I C 2 I D 3 

2.4.2 I C 2 I D 3 

2.4.3 I C 2 I D 3 

2.4.4 II B 2 II D 4 

2.4.5 II C 3 II D 4 

2.5.1 I C 2 I D 3 

2.5.2 I C 2 I D 3 

3  To Environment 
3.1  Chemical Hazards 

3.1.1  Release of Toxic Gases 
• Plume modeling for plant site as an integral part of plant design 
• Plant and local authorities conduct hazardous materials incident emergency 

exercises 
• Water spray curtains 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Continuous monitoring security alarms and gas leak detection 
• Worker training/refresher training 
• Planned, preventative plant maintenance 

3.1.2  Release of Toxic/Corrosive Liquids 
• Worker training/refresher training 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Containment Dikes 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 

3.1.3  Release of Toxic Solids 
• Worker training/refresher training 
• Emergency Cut-Off Switches 
• Deluge Systems 
• Sprinklers 
• Personnel protective equipment 
• Containment Dikes 
• Emergency egress routes/procedures promulgated and clearly highlighted in 

work spaces 
• Planned, preventative plant maintenance 
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RISK SEVERITY PROB RAC MSEVERITY MPROB MRAC 

3.1.1 I C 2 I D 3 

3.1.2 I C 2 I D 3 

3.1.3 I C 2 I D 3 

5.2.2.3 Results and Potential Impact of Scale-up on Commercial Plant Licensing 

The results of the NGNP SI-hydrogen plant PHA are typical for a modern chemical plant built in 
the United States.  The unit operations in the hydrogen plant (distillation columns, chemical 
reactors, heat exchangers, etc.) are standard chemical processes with mature technology that 
will be extensively tested prior to deployment in the NGNP.  There is no currently anticipated 
inherent excessive risk in the thermochemical production of hydrogen that would preclude 
licensing of the NGNP or licensing of associated commercial-scale hydrogen productions plants 
based on the hydrogen production processes demonstrated in the NGNP. 

An attractive feature of the GT-MHR plant for electricity production is siting flexibility, because 
no plan for public evacuation is required as the result of the MHR’s passive-safety features.  For 
a commercial-scale H2-MHR, a potential issue that requires further evaluation is whether or not 
a public evacuation plan is required because of potential accidents that could cause chemical 
releases from the SI-hydrogen plant.  However, chemical releases should not impact the 
passive safety of the reactor system. 

5.3 Cost Estimates for NGNP 

5.3.1 Capital Costs 

The groundrules applied in developing the capital cost estimate for the NGNP are as follows: 
• Cost estimating dollars referenced to January 2007 

• Cost estimating reference is a Greenfield18 site located at the INL in Idaho 

• Greenfield site cost excludes site development, temporary or permanent utilities and other 
services to the site 

• Construction cost estimates are most likely costs (rather than best or worst case) 
• Cost estimates assume sufficient funding is available as and when needed to not impact 

project progress negatively 

• Costs assume that nuclear-grade construction is separately managed or physically 
separated from industrial-grade (non-nuclear) construction 

• Project organizational assumptions include: 

- Public/Private Partnership19 will act as the owner’s agent 

18 Greenfield site is defined as one that is ready for normal nuclear power plant construction 
activities.  A Greenfield site does not require any of the following: special demolition or 
treatment other than ordinary clearing, grubbing and grading; special soil replacement work 
before the start of normal foundation excavation; or unusual chemical or other decontamination 
that would need to be addressed prior to or during construction. 
19 As defined in: “A Public/Private Partnership to Develop the Next Generation Nuclear Plant 
Commercial Demonstration,” prepared by the NGNP Public/Private Partnership Working Group, 
October 2006.” 
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- A single subcontractor is responsible for engineering and design, licensing support, 
manufacturing and construction management activities 

• Learning curve reductions are achievable for the following: 

- Manufactured items that are not currently available commercially 
- Field labor on the same site 

• Engineering for the NGNP is available for efficient planning and execution of construction 
and startup 

• Estimate is based on one shift, five day, 10-hour construction work week 

• The NGNP will reference INL Idaho for: 
- Bulk commodity costs 
- Craft labor rates 

• A nuclear to non-nuclear grade premium will be used for: 
- Nuclear related commodities and commercial equipment 

- Craft installation rates for work in the nuclear portions of the NGNP 
• Any factory fabricated (on-site or off-site) module assumes factory wage rates for factory 

crafts to be comparable to field labor rates. 

• Total module cost excluding field labor to install is treated as an equipment item 
• All costs including the development costs represent costs to the buyer and include 

nominal supplier profit margins. 
• Excluded site development costs include the cost of any services or site modifications 

required outside of the plant’s site boundary. 

The NGNP capital costs are summarized in Table 5.3-1.  The nuclear plant capital costs are 
based on prior GA capital cost estimates for a one-module prototype GT-MHR.  The SI-based 
and HTE-based hydrogen plant cost estimates were developed by GA and Toshiba, 
respectively.
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Table 5.3-1. Summary of NGNP Capital Costs 

GIF COA 2007$ (In 1,000s) 

CAPITALIZED PRE-CONSTRUCTION COSTS 1 CPC 117,850 

Base Cost 11 – 18  117,850 

CAPITALIZED DIRECT COSTS 2 CDC 837,447 

Base Cost w/o Initial Fuel Core 21 – 28  703,447 

Initial Fuel Core Load   134,000 

DIRECT CONSTRUCTION COSTS 1 + 2 DCC 955,297 
    

CAPITALIZED INDIRECT SERVICES COST 3 CIC 1,759,873 

FIELD INDIRECT COSTS 31-34 FIC 193,003 

Temporary Construction Facilities   74,651 

Construction Tools and Equipment   42,475 

Payroll Insurance and Taxes   50,929 

Permits, Insurance & Local Taxes   1,866 

Plant Startup and Test   23,082 

TOTAL FIELD COST 10 - 34 TFC 1,148,300 

FIELD MANAGEMENT COST 35 - 38 FMC 1,566,870 

R&D for Design   492,000 

Conceptual Design   139,000 

Preliminary Design   279,000 

Final Design   593,000 

Field Office Expenses   12,558 

Field Job Supervision   46,927 

Field Quality Assurance   4,385 

BASE CONSTRUCTION COST 1 + 2 + 3 BCC 2,715,170 
    

CAPITALIZED OWNER COST 4 COC 82,170 

Project Management Expenses   19,226 

Staff Training and Administration   43,993 

General and Administrative   18,951 

CAPITALIZED SUPPLEMENTARY COSTS 5 CSC 78,829 

Fees, Taxes and Insurance   16,373 

Spare Parts & Capital Equipment   62,456 

OVERNIGHT CONSTRUCTION COSTS 1 + 2 + 3 + 4 + 5 OCC 2,876,169 
    

CAPITALIZED FINANCIAL COST (Esc., Fees & IDC) 6 CFC --- 

CONTINGENCY (20%)   575,234 

TOTAL CAPITAL INVESTMENT COST 1+2+3+4+5+6+  
Contingency 

TCIC 3,451,403 
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5.3.2 NGNP Operating Costs for 30-year Period 

The 30-year NGNP operating costs will consist of (1) operations and maintenance (O&M) costs, 
(2) nuclear fuel costs, and (3) decommissioning costs.  The methodology, basis and 
assumptions used to estimate each of these cost components is provided below in Section 
5.3.2.1, and the cost estimates for each of the components is provided in Section 5.3.2.2.  The 
total estimated NGNP 30-year operating cost in constant 2007$ is as follows: 

• O&M Cost, ‘07M$   $1,452 

• Nuclear Fuel Cost, ‘07M$  $1,425 

• Decommissioning Cost, ‘07M$  $     94 

• Total, ‘07M$    $2,975  

Each of the 30-year cost components is the product of cost per year in 2007$ times 30 years.  
The as-spent (or nominal $) 30 year costs would be the summation of the nominal cost for each 
of the years where the nominal cost for each year is the 2007$ cost per year times the 
cumulative inflation rate for each year.  Or, for the case of constant inflation rate, 

 C = 
3O

i=1

 Pi(1 + a)(T+i-2007)

where,

• C = cost in as-spent (nominal $) 
• P = cost per year in constant 2007$ 
• T = beginning of first year of 30 year period of operation 
• a = constant rate of inflation 

5.3.2.1 Methodology, Basis, and Assumptions 

5.3.2.1.1 Reactor and Hydrogen Plant Operation and Maintenance Costs 

The bases used to estimate the NGNP operation and maintenance (O&M) costs are as given in 
[GCRA, 1994] as supplemented by O&M cost information for hydrogen production given in 
[Richards, 2006b] and [Richards, 2006a].  [GCRA, 1994] contains O&M cost estimates for a 
prototype GT-MHR plant which was assumed to be representative of the NGNP plant.  
[Richards, 2006b] and [Richards, 2006a] contain plant conceptual design information for 
hydrogen production plants that use process heat from high temperature gas reactors.  Key 
assumptions made in for estimating the NGNP O&M costs are as follows: 

• The NGNP plant configuration includes the ability to produce electrical power as well as 
hydrogen from the HTE and SI processes 

• The NGNP configuration consists of a single MHR module with a thermal rating of 600 
MWt

• The fuel reload operating cycle is 18 months long (17 at power and 1 month for reloading) 
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• The O&M costs are for steady state power production conditions, assumed to be at 90% 
capacity; O&M costs for the initial NGNP test and inspection period of operation are 
excluded. (The cost for the initial test and inspection period would need to include a 
premium for the extra effort required to perform the inspections and tests.) 

• The O&M costs are based on the use of a plant control and information management 
system having a high-degree of automation. 

• A Central Operational Support Organization is assumed to provide specialist resources to 
the NGNP when required. 

• The O&M costs are based on the adoption of simplified regulatory practices developed 
based on the principles of risk-based regulation. 

• A stable regulatory environment is assumed to exist as a result of confirmatory results 
from design and technology development programs and regulatory interactions; e.g., fuel 
fission product retention capability is confirmed and operational licensing requirements are 
consistent with the risk-significance of plant equipment and personnel actions. 

• The O&M cost estimate is based on an assessment of the plant requirements and the 
resources needed to meet those needs in terms of plant staff, off-site assistance and the 
cost of supplies, fees and insurance. 

• Plant operating programs and trained plant staff are assumed to have been established 
prior to plant start-up.  Costs for establishing the operating programs and for training the 
staff are assumed to be part of owner’s costs included in the plant capital cost estimate. 

• The O&M costs include costs for both replacement and disposal of spent control rods and 
reflector blocks 

• The labor rates used for the NGNP O&M reflect rates for the INL site in terms of 2007$. 

5.3.2.1.2 Nuclear Fuel 

The uranium unit costs expressed in terms of a range from minimum to maximum as suggested 
in the GIF cost estimating guidelines [GIF 2006] were assumed to estimate the NGNP nuclear 
fuel costs.  The GIF guideline range between minimum and maximum uranium unit cost values 
were assumed to characterize the uranium unit costs in terms of 2007$ and to be sufficient to 
cover any potential real escalation components. 

To estimate the NGNP fuel manufacturing cost, the DOE, or an agency acting on behalf of the 
DOE, is assumed to contract with private industry for the engineering, construction, and 
operation of a government owned, stand-alone fuel fabrication facility (FFF) for the supply of the 
NGNP fuel.  As discussed in Section 7.3, the cost and schedule to engineer, construct, license 
and qualify the NGNP FFF is estimated to be approximately $200 million (in 2007$) and eight 
years, respectively. 

The assumed nuclear fuel cost parameters used to estimate the NGNP initial core cost and the 
30-year NGNP fuel costs are given in Table 5.3-2.  The methodology used to calculate the 
nuclear fuel costs from the uranium unit costs is the methodology embodied in the G4-ECONS 
model [G4-ECONS, 2006].  In these calculations, the cost of money is assumed to be 10% and 
escalation is assumed to be 3% per year. 

The fuel fabrication cost range given in Table 5.3-2 is based on the operating and material costs 
for a government owned FFF.  The fabrication costs do not include capital recovery due to it 
being a government owned facility.  None of the cost parameters are assumed to have any real 
escalation. 
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Table 5.3-2.  NGNP Fuel Cost Parameters 

Fuel Cost Parameter Min Max 

U ore cost, ‘07$/kgU3O8 20 80 

U conversion, ‘07$kgU 3 8 

U enrichment, ‘07$/SWU 80 100 

UF6 tails disposal, ‘07$/kgU 5 10 

NGNP fuel fabrication cost, ‘07$/block 60,000 100,000 

On-site spent fuel storage, ‘07$/kgHM 200 250 

Spent fuel disposition ‘07$/kgHM 

(Mills/kWh) 

1,588

(1.0)

3,175

(2.0)

The NGNP core design parameters for estimating the nuclear fuel costs are as given in 
Table 5.3-3.

Table 5.3-3.  Core Design Parameters 

Number of fuel blocks per core 1020 

Number of fuel blocks per reload 510 

Average uranium loading, kg/fuel block 4.4 

Average fuel enrichment, % 15 

Fuel cycle length, startup to startup, mo 18 

Capacity factor, % 90 

The NGNP FFF is assumed to have a production capacity of 510 fuel blocks per year and 
operated at this capacity for the first 2 years of operation to produce the initial core load of 1020 
fuel blocks.  Thereafter, the NGNP FFF is assumed to operate at an annual capacity of 340 fuel 
blocks per year to produce a half core reload every 18 months. 

Based on the assumed FFF production capacity of 510 fuel blocks per year, the total period to 
complete the NGNP FFF, qualify it and produce the first core load is estimated to be 
approximately 10 years.  This total estimated period suggests that engineering of the NGNP 
FFF should be initiated in 2008 to complete fuel loading of the NGNP by 2018. 

5.3.2.1.3 Decommissioning 

The basis used for estimating the NGNP decommissioning cost is the cost estimate given in 
[BNI/GCRA 1993] for decommissioning a GT-MHR plant.  In this reference, the 
decommissioning cost for a 4 x 600 MWt GT-MHR plant is estimated to be $243/kWe in 1992$, 
which escalates to about $328/kWe in 2007$, or about $156/kWt in 2007$.  This cost per kWt in 
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2007$ is assumed for estimating the decommissioning cost of the radionuclide contaminated 
portion of the NGNP. 

For the hydrogen production portions of the NGNP, it is assumed that none of the hydrogen 
production equipment will be contaminated, that standard industrial practices can be used for 
dismantlement and decommissioning, and that revenue from salvage and scrape recovery will 
pay for the cost of the dismantlement and decommissioning. 

5.3.2.2 Costs Estimates 

5.3.2.2.1 Reactor and Hydrogen Plant Operating and Maintenance Costs 

The methodology, bases, and assumptions described in Section 5.3.2.1.1 were used to 
estimate the annual NGNP O&M costs given in Table 5.3-4.  These costs are best estimate 
costs in 2007$.  The as-spent (or nominal $) costs would be the 2007$ costs in Table 5.3-4 
times the year-by-year inflation rates. 

Table 5.3-4.  NGNP Annual O&M Costs 

REACTOR PLANT O&M COSTS  

Plant Staff,# 165 

Plant Staff, ‘07M$/YR $10.9 

Maintenance Material, ‘07M$/YR $2.1 

Supplies / Expenses, ‘07M$/YR $3.1 

Technical Support, ‘07M$/YR $1.7 

TOTAL, ‘07 M$/YR $17.8 

H2 PLANT O & M COSTS  

Plant Staff,# 15 

Plant Staff, ‘07M$/YR $1.2 

Make-up Materials, ‘07M$/YR $0.6 

Maintenance Material, ‘07M$/YR $7.3 

Supplies / Expenses, ‘07M$/YR   $5.1 

SUBTOTAL, ‘07 M$/YR $14.2 

GENERAL AND ADMINISTRATIVE COSTS, ‘07M$/YR  

Pensions and Benefits $4.5 

Nuclear Regulatory Fees $6.1 

Liability Insurance $1.0 

Property Insurance $2.0 

Other G & A Expenses   $2.8 

SUBTOTAL, ‘07 M$/YR $16.3 

TOTAL O&M COST, ‘07 M$/YR $48.4 
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The best estimate annual NGNP O&M cost is $48.4 million per year in 2007$.  The NGNP 30 
year O&M cost is estimated to be 30 times this value, or $1.452 million in 2007$. 

5.3.2.2.2 Nuclear Fuel Costs 

The methodology, bases, and assumptions described in Section 5.3.2.1.2 were used to 
estimate nuclear fuel costs for the NGNP initial core and a 30-year steady state operating period 
following completion of the NGNP initial inspection and test period.  The resultant nuclear fuel 
cost estimates are given in Table 5.3-5.  Since none of the fuel cost parameters have any real 
escalation, the as-spent (or nominal $) costs would be the 2007$ in Table 5.3-5 times the year-
by-year inflation rates.  The best estimate nuclear fuel costs can be assumed to be the mean 
value within the cost ranges listed. 

Table 5.3-5.  NGNP Initial Core and 30 Year Operating Period Costs 

Fuel Cost MIN MAX 

Initial core(s), ‘07 M$     

   U Ore 14.91 59.64 

   U Conversion 0.39 1.04 

   U Enrichment 11.93 14.91 

   DUF6 Tails disposal 0.63 1.25 

   Fuel fabrication 61.20 102.00 

   Total Initial Core Cost 89.1 178.8 

Yearly fuel costs, ‘07M$/yr   

(after initial core)   

   U Ore 4.72 18.88 

   U conversion 0.12 0.32 

   U Enrichment 3.78 4.73 

   DUF6 Tails disposal 0.20 0.40 

   Fuel fabrication 20.40 34.00 

   Onsite Spent Fuel Storage 0.28 0.36 

   Geological Disposal 2.26 4.51 

   Total yearly fuel cost 31.8 63.2 

30-Year fuel cost, ‘07M$ 953 1,896 

The estimated NGNP nuclear fuel costs are as follows: 

• The initial core cost is estimated to be in the range of $89 million to $179 million, with a 
best estimate value of $134 million (2007$).   

• The annual fuel cost after the initial test and inspection period is estimated to be in the 
range of $32 million to $63 million with a best estimate value of $48 million (2007$). 

• The 30 year operating fuel cost is estimated to be in the range of $950 million to $1,900 
million with a best estimate value of $1,425 million (2007$). 
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5.3.2.2.3 Decommissioning Cost 

Based on the decommissioning cost per kWt identified in Section 5.3.2.1.3 ($156/kWt), the 
decommissioning cost component of the NGNP 30 year operating cost is $156 x 600 x 1000 = 
$94 million in 2007$. 

5.4 Economic Assessment for Commercialization  

5.4.1 Methodology, Basis, Constraints and Assumptions 

GA has been developing the high-temperature, gas-cooled reactor technology since the middle 
1960s for electricity production and a variety of process-heat applications, including the 
production of hydrogen. In more recent years, GA has been developing a passively safe, 
modular-sized design referred to as the MHR.  Consequently, GA has compiled a very large 
data base of technical, performance and cost information, as well as a large number of technical 
and cost models describing the use of the MHR for various electric and industrial applications.  
In addition, there is a significant amount of literature on gas-cooled reactor applications 
available as a result of projects sponsored by DOE, EPRI, the electric utility industry and other 
U.S. and international organizations.  The information contained in these resources and in 
particular within several specific references was utilized in the development of the commercial 
assessment, as described below. 

5.4.1.1 Previous Work 

The development of the commercial plant models and the approach to the assessment of those 
models builds on previous work and studies completed by GA either alone or in conjunction with 
others under contract to the US DOE Nuclear Energy Research Initiative, EPRI, and others.  
The most significant of the sources that were used are as follows: 

1. GA data base of technical and economic models 
2. Various GA HTGR studies 
3. [GIF 2006] 
4. SI-based H2-MHR preconceptual design report [Richards 2006a] 
5. HTE-based H2-MHR preconceptual design report [Richards 2006b] 
6. [EPRI 2003] 
7. NGNP end-products study [Hanson, 2007] 

The information from these sources was used and supplemented as required to develop two 
commercial plant models (e.g., a SI-H2-MHR and a HTE-H2-MHR) and the commercial 
assessment of their hydrogen production cost with respect to projections of the future cost of 
hydrogen.

The SI-H2-MHR commercial plant envisioned for this assessment is a full-scale, nth-of-a-kind 
nuclear hydrogen production plant consisting of two 600 MWt MHR modules providing heat 
(PH-MHR) to the SI-based Hydrogen Production System; and two 600 MWt MHR modules 
dedicated to electricity production (GT-MHR) to power all of the equipment on site such as the 
pumps and compressors that are part of the Hydrogen Production System. 

The HTE-H2-MHR commercial plant envisioned for this assessment is a full-scale, nth-of-a-kind 
nuclear hydrogen production plant.  The commercial plant would consist of four 600-MWt MHR 
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modules providing both the heat to generate steam and the electricity to split the steam into 
hydrogen and oxygen, coupled with 292 H2 production units each containing eight modules of 
planar SOE cells. 

5.4.1.2 Purpose of the Present Study 

This assessment focuses on updating projections of the production cost of hydrogen from 
commercial sized plants utilizing the SI and HTE processes (proposed for deployment, 
development and demonstration at the NGNP) coupled to a MHR nuclear heat source. 

5.4.1.3 Approach and Methodology 

5.4.1.3.1 Overall Approach 

The overall approach to this assessment consisted of the following steps: 

1. Collect data on most-likely conceptual designs for hydrogen generation facilities and the 
projected production cost for those 

2. Develop updated projections of the hydrogen production cost for commercial sized 
facilities utilizing the SI and HTE processes coupled to the MHR 

3. Compare these hydrogen production cost projections to industry developed projections 
of the expected market value of hydrogen over the same time frame 

4. Briefly address variables and issues that might affect the commercial plants’ production 
cost or the projections of the expected market value of hydrogen over the same time 
frame

5.4.1.3.2 Development of Hydrogen Production Cost Projections 

For each of the two models considered in this study, the MHR is utilized as the source of 
process heat and electric power that is supplied to the hydrogen generation facility.  The reactor 
plant, balance-of-plant, and hydrogen generation plant costs for design, engineering, 
construction, and operation are generated based on available published information adjusted for 
changes in the conceptual design vis-à-vis established design concepts. 

The hydrogen production costs were estimated as the sum of the annualized capital cost, 
annualized operations and maintenance cost, annualized fuel cost, and annualized 
decommissioning cost for the commercial plants over their economic life. 

5.4.1.3.2.1 Capital Costs 

As requested by INL, the Generation IV International Forum (GIF) Code of Accounts (COA) [GIF 
2006] was used in organizing the capital costs.  The capital cost for each of the commercial 
plants was developed as follows: 

1. The GA technical and cost models for the MHR were used as a starting point. 
2. The GT-MHR and the MHR modules were adjusted for building and equipment 

modifications identified during the development of the NGNP design and cost estimate; 
and for some changes made to the basic commercial plant models in the SI-based and 
HTE-based H2-MHR plants described in [Richards 2006a] and [Richards 2006b] 

3. The capital cost derived in steps 1 and 2 was adjusted for a Gulf Coast location, as 
appropriate.
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4. The hydrogen plant costs were adapted from the information developed for the SI-based 
and HTE-based H2-MHR plants described in [Richards 2006a] and [Richards 2006b] 

5. All cost information was adjusted to a January 2007 reference date. 
6. The Total Capital Investment Cost (TCIC) was annualized over a 30-year period using a 

simple mortgage equation for equal payments over the life of the plant. 

5.4.1.3.2.2 Operations and Maintenance Costs 

The same bases were used to estimate the O&M costs for the NOAK commercial plants as 
given in Section 5.3.2.1.1 for the NGNP plant.  As in the case of the NGNP, O&M cost 
information from [GCRA 1994] was used as the basis for the O&M costs.  The “Target Plant” 
O&M cost information from [GCRA 1994] was used for NOAK commercial plant O&M estimates.  
Also, as for the NGNP, the O&M cost information from [GCRA 1994] was supplemented by 
O&M cost information for hydrogen production given in [Richards 2006a] and [Richards 2006b].

The same key assumptions as listed in Section 5.3.2.1.1 for the NGNP were also used for the 
NOAK commercial plants except those for the plant configuration.  The NOAK commercial plant 
configurations assumed for the O&M cost estimates were as follows: 

• For the commercial hydrogen production plant based on the SI hydrogen production 
process, the NOAK plant was assumed to consist of four 600-MWt reactor modules with 
two of the reactor modules dedicated to production of electricity and two of the reactor 
modules dedicated to the production of process heat for producing hydrogen by means of 
the SI process. 

• For the commercial hydrogen production plant based on the HTE hydrogen production 
process, the NOAK commercial plant was assumed to consist of four identical reactor 
modules with each module producing 600 MWt.  Approximately 90% of the heat energy 
from each module was assumed to be used to produce electricity for the electrolysis 
process and the remaining heat energy was assumed to be transferred though an IHX and 
transferred to the hydrogen plant to produce steam for the electrolysis process. 

The labor rates used for the NOAK commercial plants reflect rates for the assumed Gulf Coast 
location of the NOAK plants. 

5.4.1.3.2.3 Nuclear Fuel Cost Estimates 

The methodology, basis, and assumptions used to estimate the nuclear fuel costs for the NOAK 
commercial plants are the same as identified in Section 5.3.2.1.2 for the NGNP except for the 
fuel fabrication costs.  In the case of the NGNP, the fuel was assumed to be fabricated in a 
stand-alone, government owned fuel fabrication facility dedicated to fabrication of fuel for the 
NGNP.  For the NOAK commercial plants, the fuel is assumed to be fabricated in a highly 
automated, large throughput commercial fuel fabrication facility. 

The fuel cost parameters used to estimate the NOAK fuel costs are as given in Table 5.4-1.  All 
of the parameters in Table 5.4-1 are the same as used for the NGNP with the exception of the 
fuel fabrication costs. 
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Table 5.4-1.  NOAK Commercial Plant Nuclear Fuel Cost Parameters 

Fuel Cost Parameter Min Max 

U ore cost, ‘07$/kgU3O8 20 80 

U conversion, ‘07$kgU 3 8 

U enrichment, ‘07$/SWU 80 100 

UF6 Tails conversion/disposal cost, ‘07$/kgU 5 10 

Outside reactor bldg spent fuel storage, 
‘07$/kgHM

200 250 

Geological Repository disposition of spent fuel, 
‘07$/kgHM (mills/kWh) 

1,588 3,175 

Commercial plant fuel fabrication cost, 
‘07$/block 

15,000 25,000 

The NOAK commercial plant reactor core design parameters used for estimating the nuclear 
fuel costs are as given in Table 5.4-2.  These design parameters are the same as used for 
estimating the NGNP nuclear fuel costs. 

Table 5.4-2. NOAK Commercial Plant Reactor Core Design Parameters 

Number of fuel blocks per core 1020 

Number of fuel blocks per reload 510 

Average uranium loading, kg/fuel block 1.1 

Average fuel enrichment, % 15 

Fuel cycle length, startup to startup, mo 18 

Capacity factor, % 90 

5.4.1.3.2.4 Startup and Commissioning Costs 

Startup and commissioning costs are included in the Owner’s Costs.  During construction of a 
power plant, the plant owner incurs costs for (1) project management, (2) fees, taxes and 
insurance, (3) spare parts and specific capital equipment expenses, (4) staff training and startup 
and (5) administrative and general expenses.  In the aggregate, these are the startup and 
commissioning costs, and are costs that become part of the plant capital cost that, like the other 
plant direct and indirect costs, incur interest costs during construction. 

The Federal Energy Regulatory Commission (FERC) organizes owner’s costs into the following 
five sub-accounts: 

• Project Management Expenses.  These expenses are the costs for the owner’s project 
staff to manage and integrate its engineering, licensing, and quality assurance efforts.  
They include the expenses to support the owner’s home office services such as 
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estimating, planning scheduling and purchasing, as well as payment for outside support 
services directly associated with siting, construction and startup of the plant. 

• Fees, Taxes, and Insurance Expenses.  These expenses cover all owner’s nuclear and 
other insurance premiums, property taxes, sales taxes on purchased materials and 
equipment incurred during the EPC phase of the project, plus related permits, licenses and 
fees.  Builder’s all-risk insurance is included as part of the plant construction services 
indirect costs. 

• Spare Parts and Capital Equipment Expenses.  These expenses include the initial stock of 
supplies, consumables and spare parts needed for testing and startup operations in 
addition to the plant inventories of coolants (helium), gases (CO2, H2, N2 etc.) fluids 
(demineralized water, lubricants, etc.) auxiliary fuels (fuel oil) and chemicals.  Also 
included in this category are the expenses for office furniture, communication equipment, 
vehicles, laboratory equipment, housekeeping supplies, and other spare parts and 
equipment.

• Staff Training and Startup Expenses.  These expenses include the costs for training the 
initial supervisory, operating maintenance, and administrative staff and their salaries, as 
well as the cost of maintenance materials and supplies for the period prior to commercial 
operation.

• General and Administrative Expenses.  These expenses include the salaries of certain 
administrative and public relations personnel plus general expenses, certain regulatory 
expenses, and contract services not applicable to other owner cost sub-accounts. 

In the Energy Economic Data Base COA, the owner’s costs are collected in a single indirect 
cost account, identified as Account 94, owner’s costs having sub-accounts corresponding to the 
above FERC sub-accounts.  (See, for example, the COAs given in [ORNL 1993].)  The GIF 
COA does not include an owner’s cost account.  Rather, the various components of the owner’s 
cost contained in the above sub-accounts are distributed into GIF COA 1, Capitalized Pre-
construction Costs, COA 4, Capitalized Operations, and COA 5, Capitalized Supplementary 
Costs.

For development of costs at the pre-conceptual design stage for the NGNP and the commercial 
NOAK plants, the estimate of owner’s costs given in [GCRA 1994] was used as the cost basis.  
The process used to estimate the costs was as follows: 

1. The [GCRA 1994] owner’s cost components were parsed into the applicable GIF COAs. 
2. The percentage of each of the parsed cost components of the other direct and indirect 

costs was determined for both the Prototype Plant and Target Plant defined in [GCRA 
1994].

3. For estimation of the NGNP reactor plant owner’s cost components, the percentage 
factors determined in step 2 for the [GCRA 1994] Prototype Plant were applied to the 
other direct and indirect construction costs of the NGNP reactor plant. 

4. For estimation of the owner’s cost components for the nuclear side of the commercial 
plants, the percentage factors determined in step 2 for the [GCRA 1994] Target Plant 
were applied to the other direct and indirect construction costs for the nuclear side of the 
commercial plants. 
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5. For estimation of the owner’s cost for the NGNP hydrogen plants and the hydrogen side 
of the commercial plants, 75% of the percentage factors determined in step 2 were 
applied to the other direct and indirect costs of the hydrogen plants.  A 75% factor was 
used to account for industrial grade construction for the hydrogen plants versus the 
nuclear grade construction used for the reactor plants. 

5.4.1.3.3 Assessment of Hydrogen Production Cost Versus Expected Market Value 

The hydrogen production cost projections for the SI-H2-MHR and the HTE-H2-MHR were 
compared to the projections developed in [Hanson 2007] to determine the relative 
competitiveness of these hydrogen production technologies in the future market place. 

5.4.1.4 Groundrules and Assumptions 

The groundrules used for development and assessment of the commercial H2-MHR models are 
the same as those presented in Section 5.3.1 for the NGNP, except that the cost estimating 
reference “Greenfield” site is on the Gulf Coast; and the commercial plants are Nth-of-a-kind 
(NOAK) units.  The parametric values assumed for the development and assessment of the 
commercial models are summarized in the Table 5.4-3. 

5.4.2 Cost Estimates for NOAK Commercial-Scale Plants 

5.4.2.1 SI-Based H2-MHR (SI-H2-MHR) 

The SI-H2-MHR couples the MHR to the SI thermo-chemical water splitting process.  The 
details of the chemistry and technology involved in the SI process are presented in Section 
3.8.2 of this report. 

5.4.2.1.1 Description of Evaluated Conceptual Design 

The nominal design parameters for the plant components such as the reactor, PCS, and IHX 
have been previously described in this report.  Therefore, this assessment focuses on the 
characteristics of the commercial plant as a whole as opposed to the individual subsystems and 
components.  In addition, [Richards 2006a] can be consulted for additional technical detail. 

The SI-H2-MHR commercial plant envisioned for this assessment is a full-scale, nth-of-a-kind 
nuclear hydrogen production plant consisting of two 600-MWt MHR modules providing heat 
(PH-MHR) to the SI-based Hydrogen Production System; and two 600-MWt MHR modules 
dedicated to electricity production (GT-MHR) to power all of the equipment on site such as the 
pumps and compressors that are part of the Hydrogen Production System. This plant 
configuration will generate surplus power to be sold to the grid. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 5-51 

Table 5.4-3.  Values Assumed for Parametric Variables 

Parameter SI-H2-Commercial HTE-H2-Commercial 

Project Level – (Organization) GA Data Base Models GA Data Base Models 

Overnight Construction Scope & Cost 

(Direct & Support [Indirect] Components) 

Scope Definition 

1. Production Block/Battery Scope 

2. On-Site to Production B/B Scope 

(Based On GA Data Base 
Models) 

Included 

Included 

(Based On GA Data Base 
Models) 

Included 

Included 

• Construction Material Costs 

• Installation Unit Rates 

• Construction Labor Unit Costs 

• Professional Services Costs 

Note 1 

Note 2 

Note 3 

Note 4 

Note 1 

Note 2 

Note 3 

Note 4 

Total Construction Scope & Cost 

Project Lead Time and Schedule Components 

1. Initiation 

2. Permitting 

3. Pre-Engineering and Engineering 

4. Construction 

5. Startup and Testing 

6. Economic Life 

7. D&D 

• Escalation from Jan. 2007 and EDC 

• Cost of Money from Jan 2007 and IDC 

Construction estimate contingency 

• Risk Cost Allowance 

-

15 months 

41 months 

Note 5 

48 months [Note 6] 

7 months 

30 yrs. 

24 months 

3.0%

10%

5%

See Sensitivity Analysis 

-

15 months 

41 months 

Note 5 

48 months [Note 6] 

7 months 

30 yrs. 

24 months 

3.0%

10%

5%

See Sensitivity Analysis 

Plant Design Life 

Life Cycle Scope & Costs

• Annual Fuel Cost 

• Annual Operating & Maintenance Cost (Non-
Fuel) 

1. Local Cost of Operating Labor 

2. Local Cost of Water 

3. Periodic Replacement Allowances (if 
app.)

• Annual Plant Capacity Factor 

60 Years 

-

By GA 

By GA 

Included Above 

Included Above 

Included Above 

90%

60 years 

-

By GA 

By GA 

Included Above 

Included Above 

Included Above 

90%

Capitalization & Annualizing Factors (Simple mortgage model) (Simple mortgage model) 

NOTES:

1. GA NOAK Commercial Unit Model material cost are adjusted from Kenosha WI site to Gulf Coast area by application of a SINGLE factor based 
on the ratio of material costs in each region. 

2. GA NOAK Commercial Unit Model installation unit rates  are adjusted from Kenosha WI site to Gulf Coast area by the application of a SINGLE 
factor based on the ratio of the overall labor productivity in each region. 

3. GA NOAK Commercial Unit Model craft labor cost are adjusted from Kenosha WI site to Gulf Coast area by application of a SINGLE factor 
based on the ratio of the composite labor costs in each region. 

4. GA NOAK Commercial Unit Model professional services cost is not adjusted from Kenosha WI site to the Gulf Coast Area. 

5. For the NOAK Commercial Plants, the engineering and design of the H2-MHR plants is complete.  Engineering will be confined to owner’s site 
preparation effort which will be done before construction of the NOAK Commercial Plant begins. 

6. The construction period for a single module unit is estimated to be 36 months.  This effort assumes that the NRC will not allow a Module to 
operate while other modules are under construction within 500 ft of the operating unit.  Therefore the construction duration assumes that all of 
the units will be constructed before the commercial plant is allowed to become operational.  The 48 months assumes that each unit will require 
36 months to construct with the second module starting 4 months after the first, the third module starting 4 months after the second and the 
fourth module starting 4 months after the third.  This results in a total construction period of 48 months for all four modules and the hydrogen 
plant.
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Each PH-MHR module is coupled to an IHX to transfer the heat to a secondary HTS, which 
transports the heat to the SI-based Hydrogen Production System.  Because of equipment size 
limitations, the plant will be constructed with two process trains for each PH-MHR module 
resulting in a total of four SI trains.  To achieve the estimated efficiency, the process must be 
designed to minimize heat losses and to make extensive use of regenerative heat exchangers. 

Each GT-MHR module operates with a thermal power level of 600 MWt and an outlet helium 
temperature of 850°C; and is coupled to drive a direct, Brayton cycle power-conversion system 
(PCS) with a thermal-to-electrical conversion efficiency of 48 percent. 

Waste heat is rejected from both the GT-MHR modules and the four SI process trains using 
cooling towers in a manner similar to that for electricity-producing plants. 

Figure 5.4-1, taken from [EPRI 2003], shows how each of the two MHR modules dedicated to 
process heat (PH-MHR) would be coupled to the SI process. 

The plot plan for the SI-H2-MHR plant is similar to that in [Richards 2006a] except that two of 
the four Process Heat (PH) modules are replaced with two Direct Cycle Gas Turbine (GT) 
modules to produce electricity to power the facility.  The Hydrogen Production Plant is located 
outside of the nuclear plant boundary and is classified as a non-nuclear system. 

The nominal plant energy design parameters are given in Table 5.4-4.  On an annual basis, the 
SI-H2-MHR plant produces 1.84 × 105 metric tons at a plant capacity factor of 90%.  The overall 
plant efficiency for hydrogen production is ~45% (based on the higher heating value of 
hydrogen) with a product gas pressure of 4.0 MPa.  The SI-H2-MHR Plant is envisioned to run 
as a base loaded production facility with a capacity factor of 90%. 

5.4.2.1.2 Annualized Capital, O&M Costs, and Other Life-Cycle Costs 

The SI-H2-MHR capital costs are summarized in Table 5.4-5. 

The development of O&M costs for the SI-H2-MHR NOAK commercial hydrogen production 
plant followed the methodology, bases, and assumptions identified in Section 5.4.1.3.2.2.  The 
cost estimates are given in Table 5.4-6 and represent best estimate costs in 2007$.  The as-
spent (or nominal $) costs would be the 2007$ costs in Table 5.4-6 times the year-by-year 
inflation rates. 

The design and cost parameters given in Section 5.4.1.3.2.3 were used to estimate nuclear fuel 
costs for the initial cores of the NOAK plants and their annual fuel costs.  The resultant fuel cost 
estimates are given in Table 5.4-7.  Since none of the fuel cost parameters have any real 
escalation, the as-spent (or nominal $) costs would be the 2007$ times the year-by-year 
inflation rates.  The best estimate nuclear fuel costs can be assumed to be the mean value 
within the cost ranges listed. 
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Table 5.4-4.  SI-H2-MHR Nominal Plant Production & Energy Design Parameters 

SI-GT-MHR SI-PH-MHR SI-H2-
MHR

Basic MHR Information Units Note   Note   Total 

Number of Modules   1 2  1 2 4 

[1] Hydrogen Produced Tonne/yr  None None A 92,000 184,000 184,000 

[2] Heating Value of H2 Produced MWt  None None J 460.29 920.58 920.58 

[3] Oxygen Produced Tonne/yr  None None A 740,000 1,470,000 1,470,000 

Thermal Energy Balance MWt        

[1] Module Power  MWt  600.0 1200.0  600 1200.0 2400.0 

[2] Converted to Electricity MWt  294.0 588.0  None None 588.0 

[3] Transferred to H2 Process Heat MWt  None None  593.5 1187.0 1187.0 

[4] Losses [Sensible + Generator] MWt  7.8 15.6 E 6.5 13.0 28.6 

[5] Rejected to Cooling System MWt B 298.2 596.4 H 330.0 660.0 1256.4 

[6] Total of [2] through [5] MWt  600.0 1200.0  930.0 1860.0 3060.0 

[7] Recovered from the H2 Process MWe  None None  None None None 

[8] Facility Auxiliary Loads MWe C -7.5 -15.0 F -203.0 -406.0 -421.0 

[9] Net power to GSU MWe D 280.5 561.0  None None. +561.0 

[10] Excess power to Grid MWe G  +561.0 G  -406.0 +155.0 

Notes:

[A] Assumes a 90% capacity factor 

[B ]Rejected to cooling = 131.4 + 166.8 = 298.2 

[C] House electrical load per GT Module 

[D ]Net = 288.0 – 7.5 = 280.5 

[E] 3.7 Heat Transfer Loses + 2.8 for RCCS 

[F] SI Process Equipment + Circulators + House electrical loads. 

[G] Total Power to GSU – Total SI Used Power = 155.0 

[H] Chemically released heat from SI Process 

[J] Assumes H2 Higher Heating Value of 141.9 Mj/kg 
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Table 5.4-5.  NOAK SI-H2-MHR Baseline Commercial Plant Capital Cost 

GIF COA 2007$ (in 1,000s) 

CAPITALIZED PRE-CONSTRUCTION COSTS 1 CPC 35,980 

Base Cost 11 - 18  35.,980 

CAPITALIZED DIRECT COSTS 2 CDC 2,298,063 

Base Cost 21 - 28  291,000 

DIRECT CONSTRUCTION COSTS 1 + 2 DCC 2,334,043 
    

CAPITALIZED INDIRECT SERVICES COST 3 CIC 823,494 

FIELD INDIRECT COSTS 31-34 FIC 529,626 

Temporary Construction Facilities   204,852 

Construction Tools and Equipment   116,559 

Payroll Insurance and Taxes   139,756 

Permits, Insurance & Local Taxes   5,120

Plant Startup and Test   63,339 

TOTAL FIELD COST 10 - 34 TFC 2,863,668 

FIELD MANAGEMENT COST 35 - 38 FMC 293,868 

R&D for Design   Not applicable 

Conceptual Design   Not Applicable 

Preliminary Design   Not Applicable 

Final Design   118,600 

Field Office Expenses   34,460 

Field Job Supervision   128,775 

Field Quality Assurance   12,033 

BASE CONSTRUCTION COST 1 + 2 + 3 BCC 3,157,537 

CAPITALIZED OWNER COST 4 COC 112,480 

Project Management Expenses   26,318 

Staff Training and Administration   60,221 

General and Administrative   25,941 

CAPITALIZED SUPPLEMENTARY COSTS 5 CSC 107,907 

Fees, Taxes and Insurance   22,413 

Spare Parts & Capital Equipment   85,494 

OVERNIGHT CONSTRUCTION COSTS 1 + 2 + 3 + 4 + 5 OCC 3,377,924 

CAPITALIZED FINANCIAL COST 6 CFC 846,538 

Escalation   Not Applicable 

Interest During Construction   645,373 

Contingency (5%)   201,165 

TOTAL CAPITAL INVESTMENT COST 1 + 2 + 3 +4+ 5 + 6 TCIC 4,224,462 
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Table 5.4-6.  NOAK SI-H2-MHR Baseline Commercial Plant O&M Costs 

 NOAK SI Plant 

REACTOR PLANT O&M COSTS 

Plant Staff, # people 241 

Plant Staff, ‘07M$/YR $16.5 

Maintenance Material, ‘07M$/YR $4.1 

Supplies / Expenses, ‘07M$/YR $10.1 

Technical Support, ‘07M$/YR $2.6 

TOTAL, ‘07 M$/YR $33.2 

H2 PLANT O & M COSTS 

Plant Staff,# 76 

Plant Staff, ‘07M$/YR $6.1 

Make-up Materials, ‘07M$/YR $3.8 

Maintenance Material, ‘07M$/YR $45.3 

Supplies / Expenses, ‘07M$/YR $23.1 

SUBTOTAL, ‘07 M$/YR $78.3 

GENERAL AND ADMINISTRATIVE COSTS, ‘07M$/YR 

Pensions and Benefits $8.4 

Nuclear Regulatory Fees $4.2 

Liability Insurance $1.0 

Property Insurance $2.8 

Other G & A Expenses $5.1 

SUBTOTAL, ‘07 M$/YR $21.4 

TOTAL O&M COST, ‘07 M$/YR $132.9 
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Table 5.4-7.  NOAK SI-H2-MHR Baseline Commercial Plant 
 Initial Core Fuel Costs and Annualized Nuclear Fuel Cost 

4 Module NOAK 
Commercial Plant Fuel Cost 

MIN MAX 

‘07 M$ 

   U Ore 59.62 238.48 

   U Conversion 1.56 4.16 

   U Enrichment 47.72 59.65 

   DUF6 Tails disposal 2.51 5.02 

   Fuel fabrication 61.20 102.00 

   Total Initial Core Cost 172.6 409.3 

Yearly fuel costs after initial core   

   U Ore 18.88 75.52 

   U conversion 0.49 1.31 

   U Enrichment 15.11 18.89 

   DUF6 Tails disposal 0.79 1.59 

   Fuel fabrication 20.40 34.00 

   Onsite Spent Fuel Storage 1.14 1.42 

   Geological Disposal 9.03 18.05 

Total yearly fuel cost 65.8 150.8 

In summary, the estimated NOAK commercial nuclear fuel costs are as follows: 

• The initial core fuel cost for all four reactor modules of each NOAK commercial plant is 
estimated to be in the range of $173 million to $409 million, with a best estimate value of 
$291 million (2007$). 

• The annual fuel cost for each NOAK commercial plant is estimated to be in the range of 
$66 million to $151 million with a best estimate value of $108 million (2007$). 

Decommissioning costs include the cost of decommissioning, decontamination, and dismantling 
the plant at the end of commercial operation.  The best estimate for decommissioning cost of a 
NOAK commercial plant, CDD, is calculated as:  

CDD = $156/kWt x 2400 MWt x 1000 kWt/MWt = $374.4 million (2007$) 

Consistent with the balance of this report, the following financial factors were assumed for 
determining the NOAK commercial plant annualized decommissioning cost in constant 2007$. 
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• Nominal discount rate = nominal cost of money = 10% 
• Life of plant for decommissioning fund accumulation = t = 30 years 
• Inflation rate = 3% 
• Real cost of money = real discount rate = r = 6.8% 

The sinking fund factor SFF(r, t), is calculated using the formula: 

SFF(r, t) = r / [(1+r) t - 1] = .068 / [(1.068)30 – 1] =  0.011 

The resultant annualized decommissioning cost in constant 2007$, LDDP, for each of the NOAK 
plants is: 

LDDP = 0.011 x $374.4 = $4.1 million per year in constant 2007$ 

5.1.1.1.1 5.4.2.1.3 SI-H2-MHR Hydrogen Production Costs 

The hydrogen production costs are summarized in Table 5.4-8 and Figure 5-4-2.  The baseline 
hydrogen production costs are estimated to be $2.26/kg including credits for electricity and 
oxygen sales.

Table 5.4-8.  Summary of NOAK SI-H2-MHR Baseline Commercial  
Plant Hydrogen Production Costs 

GIF Account # Account Cost 
($M/yr.) 

% of 
Total

10+20+30+40+50+60 Subtotal SI-H2-MHR TCIC 333.62 57 

70 Subtotal SI-H2-MHR O&M Costs 132.90 23 

 Decommissioning Cost (DC) 4.10 1 

80 Nuclear Fuel Costs 108.00 19 

10+20+30+40+50+60+70+DC+80 SI-H2-MHR Total Annual Costs 578.62 100 

------------ ---------- ---------- ---------- 

NOAK SI-H2-MHR Commercial Plant H2 Production (Mkg/yr.) 184.00  

   

NOAK SI-H2-MHR Commercial Plant H2 Prod. Cost W/O Elec. Credit ($/kg) 3.14

   

Total Annual Electricity Credit ($M/yr.) 129.53  

NOAK SI-H2-MHR Total Annual Costs WITH Elect. Credit ($M/yr.) 449.10  

   

NOAK SI-H2-MHR Commercial Plant H2 Prod. Cost  WITH Elec. Credit ($/kg) 2.44

   

Total Annual Oxygen Credit ($M/yr.) 33.81  

NOAK SI-H2-MHR Total Annual Costs WITH ELECT. & OXYGEN Credit ($M/yr.) 415.28  

   

NOAK SI-H2-MHR Commercial Plant H2 Prod. Cost WITH Elec. & Oxygen Credit ($/kg) 2.26
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Figure 5.4-2. NOAK SI-Based H2-MHR Plant Hydrogen Production Costs 

5.4.2.2 HTE-Based H2-MHR (HTE-H2-MHR) 

The HTE-H2-MHR couples an MHR to an HTE-based hydrogen production plant.  In the HTE 
process, steam is supplied to both the anode and cathodes sides of the SOE cells.  The steam 
supplied to the cathode side is split into hydrogen and oxygen.  The oxygen is transferred 
through the electrolyte to the anode side.  The steam supplied to the anode side is used to 
sweep the oxygen from the SOE module.  The steam supplied to the cathode side is first mixed 
with a small portion of the hydrogen stream in order to ensure reducing conditions and prevent 
oxidation of the electrodes.  Heat can be recuperated from both the hydrogen/steam and 
oxygen/steam streams exiting the SOEC module.  The HTE process technology is described in 
greater detail in Section 3.8.1 of this report. 

5.4.2.2.1 Description of Evaluated Conceptual Design  

The nominal design parameters for the plant components such as the reactor, PCS, and IHX 
have been previously described in this report.  Therefore, this assessment focuses on the 
characteristics of the commercial plant as a whole, as opposed to the individual subsystems and 
components.  In addition, [Richards 2006b] can be consulted for additional technical detail. 

The HTE-H2-MHR commercial plant envisioned for this assessment is a full-scale, nth-of-a-kind 
nuclear hydrogen production plant.  The commercial plant consists of four 600-MWt MHR 
modules coupled with 292 H2 production units each containing eight modules of planar SOE 
cells.  Each MHR module provides both heat and electricity to the hydrogen production plant.  
Therefore each MHR module includes a direct Brayton-cycle PCS to generate electricity and an 
IHX.  Approximately 90% of the heat generated by the MHR modules is used to produce 
electricity; the remainder of the heat is transferred to the hydrogen production plant where it is 
used to make steam. 

The H2 production facility considered in this economic assessment is based on the planar 
SOEC technology described in Section 1.4.1.  For the HTE-H2-MHR commercial plant, it is 
anticipated that a SOEC module would contain 40 stacks of SOE cells with each stack being 
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made up of 500 12.5 kWe cells, and that each stack would consume 500 kWe.  A module would 
occupy approximately 4.2 m2 of floor space, which includes space allocated for internal 
manifolding, piping, etc.  Eight modules could be installed within a structure that is similar in size 
to the trailer portion of a typical tractor-trailer.  Approximately 292 of these trailer sized 
structures, each containing 8-module units, would be required for a full-scale commercial plant 
composed of four 600-MWt MHR modules. 

Heat is recuperated from both the hydrogen/steam and oxygen/steam streams exiting the 
SOEC modules, and a small Power Recovery System generates power from the oxygen/steam 
stream exiting the SOE modules.  This system includes a turbine and high and low pressure 
drums to remove water.  The water is recycled back to the Water Supply System.  The turbine 
operates with adiabatic and polytrophic efficiencies of 80% and 77%, respectively, and 
produces approximately 8.3 MWe.  This electricity is used for house plant loads, including 
power required for the High Temperature Heater. 

Figure 5.4-3 shows how each of the four MHR modules that produce electricity and process 
heat for steam production would be coupled with the SOEC modules in the HTE process.  It 
also shows how the heat recuperated from the oxygen/steam stream is used to generate 
electricity.

The plot plan for the HTE-H2-MHR plant is essentially the same as shown in [Richards 2006b].  
The Hydrogen Production Plant is located outside of the nuclear plant boundary and is classified 
as a non-nuclear system. 

The nominal plant energy design parameters are given in Table 5.4-9.  On an annual basis, the 
THE-H2-MHR plant produces 2.68 × 105 metric tons at a plant capacity factor of 90%. The 
overall plant efficiency for hydrogen production is 55.8% (based on the higher heating value of 
hydrogen) with a product gas pressure of 4.95 MPa.  The HTE-H2-MHR Plant is envisioned to 
run as a base loaded production facility with a capacity factor of 90%. 
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Table 5.4-9.  HTE-H2-MHR Nominal Plant Production & Energy Design Parameters 

 HTE-GT/PH-MHR HTE-H2-MHR 

Basic MHR Information  Note   Total 

Number of Modules   1 4 4 

[1] Hydrogen Produced Tonne/yr A 67,000 268,000 268,000 

[2] Heating Value of H2 produced MWt D 334.875 1339.5 1339.5 

[3] Oxygen Produced Tonne/yr A 535,000 2,140,000 2,140,000 

Thermal Energy Balance MWt     

[1] Module Power  MWt  600.0 2400.0 2400.0 

[2] Converted to Electricity MWt  292.0 1168.0 1168.0 

[3] Transferred to H2 Process Heat MWt  58.7 234.8 234.8 

[4] Losses [Sensible + Generator] MWt  2.8 11.2 11.2 

[5] Rejected to Cooling System MWt B 246.5 986.0 986.0 

[6] Total of [2] through [5] MWt  600.0 2400.0 2400.0 

[7] Recovered from the H2 Process MWe  ~(+8.3) ~(+33.2) ~(+33.2) 

[8] Facility Auxiliary Loads MWe C ~(-8.3) ~(-33.2) ~(-33.2) 

[9] Net power to GSU MWe C None None None 

[10] Excess power to Grid MWe  None None None 

Notes: 

[A] Assumes a 90% Capacity Factor 

[B] Rejected to cooling = 149 + 97.5 = 246.5 

[C] House electrical load ~ electricity recovered from H2 Process 

[D] Assumes H2 Higher Heating Value of 141.9 Mj/kg 

5.4.2.2.2 Annualized Capital, O&M Costs, and Other Life-Cycle Costs 

 The HTE-H2-MHR capital costs are summarized in Table 5.4-10. 

The development of O&M costs for the HTE-H2-MHR NOAK commercial hydrogen production 
plant followed the methodology, bases and assumptions described in Section 5.4.1.3.2.2.  The 
cost estimate results are given in Table 5.4-11 and represent best estimate costs in 2007$.  The 
as-spent (or nominal $) costs would be the 2007$ costs in Table 5.4-11 times the year-by-year 
inflation rates. 

The design and cost parameters given in Section 5.4.1.3.2.3 were used to estimate nuclear fuel 
costs for the initial cores of the NOAK plants and their annual fuel costs.  The resultant nuclear 
fuel cost estimates are given in Table 5.4-12.  Since none of the fuel cost parameters have any 
real escalation, the as-spent (or nominal $) costs would be the 2007$ times the year-by-year 
inflation rates.  The best estimate nuclear fuel costs can be assumed to be the mean value 
within the cost ranges listed. 
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Table 5.4-10.  NOAK HTE-H2-MHR Baseline Commercial Plant Capital Cost 

GIF COA 2007$ (in 1,000s) 

CAPITALIZED PRE-CONSTRUCTION COSTS 1 CPC 35,980 

Base Cost 11 - 18  35,980 

CAPITALIZED DIRECT COSTS 2 CDC 2,756,689 

Base Cost 21 - 28  2,465,689 

Initial Fuel Core Load   291,000 

DIRECT CONSTRUCTION COSTS 1 + 2 DCC 2,792,669 

CAPITALIZED INDIRECT SERVICES COST 3 CIC 964,169 

FIELD INDIRECT COSTS 31-34 FIC 635,322 

Temporary Construction Facilities   245,734 

Construction Tools and Equipment   139,819 

Payroll Insurance and Taxes   167,647 

Permits, Insurance & Local Taxes   6,142

Plant Startup and Test   75,980 

TOTAL FIELD COST 10 - 34 TFC 3,427,991 

FIELD MANAGEMENT COST 35 - 38 FMC 328,847 

R&D for Design   Not Applicable 

Conceptual Design   Not Applicable 

Preliminary Design   Not Applicable 

Final Design   118,600 

Field Office Expenses   41,337 

Field Job Supervision   154,475 

Field Quality Assurance   14,435 

BASE CONSTRUCTION COST 1 + 2 + 3 BCC 3,756,838 

CAPITALIZED OWNER COST 4 COC 112,480 

Project Management Expenses   26,318 

Staff Training and Administration   60,221 

General and Administrative   25,941 

CAPITALIZED SUPPLEMENTARY COSTS 5 CSC 107,907 

Fees, Taxes and Insurance   22,413 

Spare Parts & Capital Equipment   85,494 

OVERNIGHT CONSTRUCTION COSTS 1 + 2 + 3 + 4 + 5 OCC 3,977,225 

CAPITALIZED FINANCIAL COST 6 CFC 996,728 

Escalation   Not Applicable 

Interest During Construction   759,874 

Contingency (5%)   236,854 

TOTAL CAPITAL INVESTMENT COST 1 + 2 + 3 + 4 + 5 + 6 TCIC 4,973,953 
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Table 5.4-11. NOAK HTE-H2-MHR Baseline Commercial Plant O&M Costs 

 NOAK HTE Plant 

REACTOR PLANT O&M COSTS  

Plant Staff,# 241 

Plant Staff, ‘07M$/YR $16.5 

Maintenance Material, ‘07M$/YR $4.1 

Supplies / Expenses, ‘07M$/YR $10.1 

Technical Support, ‘07M$/YR $2.6   

TOTAL, ‘07 M$/YR $33.2 

H2 PLANT O & M COSTS  

Plant Staff,# 76 

Plant Staff, ‘07M$/YR $6.1 

Make-up Materials, ‘07M$/YR $3.2 

Maintenance Material, ‘07M$/YR $48.8 

Supplies / Expenses, ‘07M$/YR $25.3 

SUBTOTAL, ‘07 M$/YR $83.4 

GENERAL AND ADMINISTRATIVE COSTS, ‘07M$/YR  

Pensions and Benefits $8.4 

Nuclear Regulatory Fees $4.2 

Liability Insurance $1.0 

Property Insurance $2.8 

Other G & A Expenses      $5.1 

SUBTOTAL, ‘07 M$/YR    $21.4 

TOTAL O&M COST, ‘07 M$/YR $138.0 
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Table 5.4-12.  NOAK HTE-H2-MHR Baseline Commercial Plant Initial
Core Costs and Annualized Nuclear Fuel Cost 

4 Module NOAK Commercial 
Plant Fuel Cost 

MIN MAX 

Initial core(s)  ‘07 M$ 

   U Ore 59.62 238.48 

   U Conversion 1.56 4.16 

   U Enrichment 47.72 59.65 

   DUF6 Tails Disposal 2.51 5.02 

   Fuel Fabrication 61.20 102.00 

   Total Initial Core Cost 172.6 409.3 

Yearly fuel costs, ‘07M$/yr   

(after initial core)   

   U Ore 18.88 75.52 

   U Conversion 0.49 1.31 

   U Enrichment 15.11 18.89 

   DUF6 Tails Disposal 0.79 1.59 

   Fuel Fabrication 20.40 34.00 

   Onsite Spent Fuel Storage 1.14 1.42 

   Geological Disposal 9.03 18.05 

   Total yearly fuel cost 65.8 150.8 

In summary, the estimated NOAK commercial nuclear fuel costs are as follows: 

• The initial core cost for all four reactor modules of each NOAK commercial plant is 
estimated to be in the range of $173 million to $409 million, with a best estimate value of 
$291 million (2007$). 

• The annual fuel cost for each NOAK commercial plant is estimated to be in the range of 
$66 million to $151 million with a best estimate value of $108 million (2007$). 

Decommissioning costs include the cost of decommissioning, decontamination, and dismantling 
the plant at the end of commercial operation. The best estimate for decommissioning cost of a 
NOAK commercial plant, CDD,  is calculated as follows: 

CDD = $156/kWt x 2400 MWt x 1000 kWt/MWt = $374.4 million 2007$   
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Consistent with the balance of this report, the following financial factors were assumed for 
determining the NOAK commercial plant annualized decommissioning cost in constant 2007$. 

• Nominal discount rate = nominal cost of money = 10% 

• Life of plant for decommissioning fund accumulation = t = 30 years 
• Inflation rate = 3% 

• Real cost of money = real discount rate = r = 6.8% 

The sinking fund factor SFF(r, t), is calculated using the formula: 

SFF(r, t) = r / [(1+r) t - 1] = .068 / [(1.068)30 – 1] =  0.011 

The resultant annualized decommissioning cost in constant 2007$, LDDP, for each of the NOAK 
plants is: 

LDDP = 0.011 x $374.4 = $4.1 million per year in constant 2007$ 

5.4.2.2.3 HTE-H2-MHR Hydrogen Production Costs 

The hydrogen production costs are summarized in Table 5.4-13 and Figure 5.4-4.  The baseline 
hydrogen production cost is estimated to be $2.22/kg including credit for oxygen sales. 

Table 5.4-13.  Summary of HTE-H2-MHR Plant Hydrogen Production Costs 

GIF Account # Account Cost ($M/yr.) % of Total 

10+20+30+40+50+60 Subtotal HTE-H2-MHR TCIC 392.81 61 

70 Subtotal HTE-H2-MHR O&M Costs 138.00 21 

 Decommissioning Cost (DC) 4.10 1 

80 Nuclear Fuel Costs 108.00 17 

10+20+30+40+50+60+70+DC+80 HTE-H2-MHR Total Annual Costs 642.91 100 

------------ ---------- ---------- ---------- 

NOAK HTE-H2-MHR Commercial Plant H2 Production (Mkg/yr.) 268.00  

NOAK HTE-H2-MHR Commercial Plant H2 Production Cost ($/kg) 2.40  

Total Annual Oxygen Credit ($M/yr.) 49.22  

NOAK SI-H2-MHR Total Annual Costs WITH Oxygen Credit ($M/yr.) 593.69  

NOAK SI-H2-MHR Commercial Plant H2 Prod. Cost WITH Oxygen Credit ($/kg) 2.22
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Figure 5.4-4. NOAK HTE-H2-MHR Plant Hydrogen Production Costs (Baseline Estimate) 

5.4.3 Market Economic Analysis 

5.4.3.1 Comparison of Hydrogen Production Costs to Projected Market Values 

The NGNP and H2-MHR end-product commodities identified and addressed in [Hanson 2007] 
were electricity, hydrogen, oxygen, and process heat.  Table 5.4-14 summarizes the estimated 
future market prices of these commodities for the Gulf Coast Area and comments on the 
sources used to derive the estimates. 

Table 5.4-14.  Projected Market Prices for H2-MHR End-Product Commodities 

Commodity Units Notes

Gulf Coast 
Market Price 

(Constant 2007 $) Comments 

Electricity (mil/kWh) A 106 EIA forecast 

Hydrogen ($/kg)  2.5 Set by price of natural gas 

Oxygen ($/Tonne) B 23 EPRI forecast 

Process Heat ($/MMBtu) C 12 Set by price of natural gas 

Notes:

[A] Levelized price for 2020 -2060 timeframe with 1%/yr real escalation (e.g., anticipated carbon tax, etc.) and 
a 7% discount rate. 

[B] Constant 2007 dollars; no real escalation of O2 prices (cryogenic air distillation provides price stability) 

[C] Conversion factor: 0.1345 MMBtu/kg H2.  Levelized price for 2020 – 2060 time frame with 1%/yr. real 
escalation 

Table 5.4-15 compares the hydrogen production costs derived using the two commercial plant 
models with the projected market value of hydrogen [Hanson 2007]. 
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Table 5.4-15.  Comparison of H2 MHR Commercial Plant Hydrogen Production Costs 
to Hydrogen Market Projections 

 NOAK SI-H2-MHR 
Commercial Plant 

SI-MHR
$/kg Delta 
@ 2.5 $/kg 

NOAK HTE-H2-MHR 
Commercial Plant 

HTE-MHR 
$/kg Delta
@ 2.5 $/kg 

 Credit 
$/kg

Prod. Cost 
$/kg

 Credit 
$/kg

Prod. Cost 
$/kg

H2 production cost 
w/o credits 

NA 3.14 -0.64 NA 2.40 0.10 

Electricity Credit @ 
106 mil/kWh 

0.70 — — None None None 

H2 cost with 
electricity credits 

NA 2.44 0.06 NA 2.40 0.10 

O2 Credit @ 23 
$/Tonne

0.18 — — 0.18 — — 

H2 cost with 
electricity and O2 
credits 

NA 2.26 0.24 NA 2.22 0.28 

NOTE: Delta = 2.5 $/kg minus the H2 Production Cost in $/kg 

5.4.3.2 Product Cost Sensitivity Analysis 

5.4.3.2.1 SI-H2-MHR 

Sensitivity analyses were performed for the SI-H2-MHR model to determine the impact of three 
factors on the production cost of hydrogen: 

 Process risk in terms of the technology maturity of the hydrogen production portion of the 
plant

 Process efficiency 
 Construction time in months 

Table 5.4-16 provides the results of the sensitivity analyses. 

Technical maturity was addressed by increasing the contingency applied to the capital cost 
component of the production cost from 5% to 20% to reflect impact of process risk.  This 
resulted in an increase of 0.30 $/kg in the H2 production cost, or about 13.3%. 

Process efficiency was addressed by assessing the effect of targeting a process efficiency of 
49% as opposed to the current 45%.  This can be achieved by reducing the electric power 
consumed by the SI process equipment.  49% efficiency can be achieved if the power 
consumption is reduced by 89 MWe.  This also allows the plant to make an additional 89 MWe 
available for sale on the grid.  The additional power sales reduces the H2 production cost by 
0.41 $/kg, or about 18.1%. 
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Table 5.4-16.  SI-H2-MHR H2 Production Cost Sensitivity Analysis 

Parameter Value Note

Overall 
Hydrogen 

Production
Efficiency (%) 

Annualized 
Capital Cost 

($M/yr) 

Hydrogen 
Production
Cost in $/kg 

5% Contingency A No Change 333.62 2.26 Technical Maturity 

20% Contingency B No Change 390.02 2.56 

45% A 45% No Change 2.26 Process Efficiency 

49% C 49% No change 1.85 

48 Mo. A No Change 333.62 2.26 Construction Time 

36 Mo. D No Change 310.61 2.13 

Notes:

[A] NOAK Baseline Case 

[B] Represents a “process contingency” 

[C] Captured as a 89 MWe reduction in power requirements and associated increase in power for sale 

[D] Represents a reduction in Interest During construction 

The effect of construction learning was addressed by assessing the impact of reduced 
construction time from 48 months to 36 months.  This results in reduced IDC costs.  The H2 
production cost was reduced by 0.13 $/kg, or about 5.2%. 

5.4.3.2.2 HTE-H2-MHR 

Sensitivity analyses were performed for the HTE-H2-MHR model to determine the impact of two 
factors on the production cost of hydrogen: 

 Technical maturity in terms of the operating life of the SOE cells 
 Construction time in months 

Table 5.4-17 provides the results of the sensitivity analyses 

Technical maturity was addressed by doubling the annual maintenance materials component of 
the annual O&M cost to account for more frequent replacement of the SOE cells.  This resulted 
in an increase 0.18 $/kg of the H2 production cost, or about 8.1%. 

The effect of construction learning was addressed by assessing the impact of reduced 
construction time from 48 months to 36 months.  This resulted in reduced IDC costs.  The H2 
production cost was reduced by 0.11 $/kg, or about 4.9%. 
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Table 5.4-17.  HTE-H2-MHR H2 Production Cost Sensitivity Analysis 

Parameter Value Note

Overall 
Hydrogen 

Production
Efficiency (%) 

Annualized 
Capital Cost 

$M/yr 

Hydrogen 
Production
Cost in $/kg 

Maintenance Materials 
= $48.8 $M/yr 

A No Change No Change 2.22 Technical 
Maturity of 
SOE Cells 

Maintenance Materials 
= $97.6 M/yr 

B No Change No Change 2.40 

48 Months A No Change 392.81 2.22 Construction 
Time

36 Months C No Change 365.72 2.11 

Notes:

[A] NOAK Baseline Case 

[B] Represents am annual increase to account for SOE cell replacement 

[C] Represents a reduction in interest during construction 

5.4.3.3 Other Considerations 

Some additional sensitivity analyses that would be of interest, but were outside the scope of the 
current study, include: (1) the impact of a CO2 penalty on the price of natural gas and its use as 
a feedstock for the steam methane reforming (SMR) process currently used to produce H2, and 
(2) the current status of efforts to improve the efficiency and economics of SMR technology. 
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6 NEXT GENERATION NUCLEAR PLANT PROJECT SCHEDULE ANALYSIS 

The integrated NGNP Project schedule developed by the GA Team is provided in Appendix B.  
As requested by INL, a D-size summary level integrated project schedule and a D-size 
Conceptual Design phase schedule are also provided in Appendix B.  The approach used in 
developing the schedule and an overview of the schedule are presented below.  

6.1 Overall Approach 

In accordance with the Preliminary Project Management Plan (PPMP 2006), the integrated 
schedule for the NGNP Project was developed with the objective of “balancing technology 
development risk against design, licensing and construction risk.”  This approach is identified in 
the PPMP as Option 2 (Balanced Risk).  Critical Decision-1 is scheduled for 2008, with the 
expected date for initial operations (following the startup testing program) in 2018.  A two to 
three year demonstration period, including inspection cycles, follows the start of initial 
operations in order to demonstrate proof of performance. 

The guiding philosophy for establishing the framework for the schedule presented herein was to 
“lock-in” the initial operation milestone (2018) and completion of the demonstration period 
(2021), while working backward to determine the front-end milestones and durations necessary 
to support project completion in these timeframes.  By definition, this “backward pass” through 
the schedule logic identifies key interface points between the responsible team members and 
organizations.  This approach serves the dual purpose of establishing priorities (critical path) 
and key decision points on which the management team needs to focus in order to minimize 
schedule risk for the overall project.  The exception to this approach was the development of the 
Licensing and Regulatory schedule, which used a “forward-pass” methodology in order to 
determine early target milestones.  The key elements of the approach were therefore: 

• Commercialization is the key driving event (backward pass) 
• Establish priorities by working backward from startup and operation 
• Define key interfaces between engineering, procurement, licensing, and construction 
• Include critical decision points per DOE 413.3 for INL and other third parties (NRC)  

The schedule was developed by Washington Group based on schedule and resource inputs 
from INL, GA, Washington Group, and Toshiba.  Schedule information consisted of bar charts 
and associated logic details for the respective scopes of work, while resource information 
obtained via the NGNP capital cost estimate summarized in Section 5.3.1 and presented in 
detail in (Cost Estimates 2007) identified labor hours and cost, material cost, and equipment 
cost.  Schedule logic submitted by each GA Team member was subsequently integrated with 
appropriate logic ties to develop the master schedule. 

As indicated above, this NGNP Project schedule has been developed with the goal of 
demonstrating a plan to achieve “Start of Operations” (CD-4) by the end of 2018.  This is 
followed by a period of Commercial Demonstration plus Inspections, which extends to 2021.  
However, recent developments have indicated that delays on the front end portion of the 
schedule may result in delays to the completion of Conceptual Design (and CD-1) by as much 
as one calendar year from the timeline established in the PPMP.  The schedule information 
presented in this package does not account for these delays, as it was considered to be 
premature at this time to modify the PPMP and thus revise the schedule plan.    Consequently, 
the schedule information presented herein is based on the original timelines presented in the 
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PPMP.  Further discussion regarding possible downstream impacts of this front end delay, as 
well as possible recovery actions, are discussed in Section 6.5. 

6.1.1 Assumptions & Clarifications 

a. All resource loading are based on the NGNP capital cost estimate (Estimate), which is 
summarized in Section 5.3.1 and detailed in (Cost Estimates 2007).  All groundrules and 
assumptions applicable to the Estimate (see Section 5.3.1.1) are also applicable to the 
resource loading of the schedule. 

b. Program timelines are per (PPMP 2006).  Additional near-term schedule guidance as 
provided by INL is also incorporated.  No attempt was made to incorporate recently 
indicated delays to the front end of the schedule (i.e. delay of up to one year in the 
completion of Conceptual Design). 

c. Reactor vessel fabrication lead time has been assumed to be 36 months. 
d. “Owners Costs”, as provided in the Estimate, are shown as dollars with no hours.  They are 

included as such in the resource loaded schedule.  The cost is estimated to span the time 
period from conceptual design thru demonstration of commercial operation (2021). 

e. Likewise, “Construction Services” and “Field Office Engineering and Services” are provided 
in the Estimate as dollars with no hours.  They are included as such in the resource loaded 
schedule in the appropriate time frames.  Thus, the resource loading charts presented 
herein that represent indirect work hour loading do not include hours for these particular 
tasks.

f. Where possible, resources were loaded on to existing schedule activities.  In cases where 
this was not possible, new hammock activities were created to span the appropriate 
durations for resource allocations.  These hammocks are generally excluded from hard copy 
prints of the schedule.  At this time in the process, the level of detail in both the Estimate 
and schedule will need to be developed further to enable the resource loading of each 
individual schedule activity. 

g. The general construction sequence for excavation and foundations was established such 
that the work initiates at the Reactor Complex (deepest excavation) and proceeds outward 
toward the site perimeter and BOP facilities. 

h. Work Breakdown Structure (WBS) is as provided by INL. 
i. The schedule has been developed to a Level III detail, with additional detail (Level IV) for 

the Conceptual Design phase. 
j. For information purposes, resource and cost charts are provided that reflect both an Early 

Start basis and a “Levelized” basis of the schedule.  The “Levelized” curves are based on a 
general smoothing of the Early Start curve, recognizing the likelihood of meeting all early 
start dates in the schedule is remote. 

k. Two versions of the cash-flow profile are provided, one with and one without contingency.  
The chart that includes contingency spreads it on a percentage of cost basis over the 
project.

1) The estimated cost for the initial core fuel load ($134,000,000 direct) was spread over one 
year of time leading up to the previously schedule “Fuel Load” activity (generally the 2017 
timeframe). 

6.1.2 Schedule Statistics 

• Primavera Version 3.1 
• 1 Master Project – 4 Subprojects 

— GA - 66 Activities 
— INL  - 19 Activities 
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— Toshiba – 58 Activities 
— Washington Group International – 158 Activities 

• Total Number of Activities – 306 
• Total Number of Hammocks – 29 
• Number of Activities in Longest Path – 48 
• Number of Relationships – 557 
• Data Date – 01Apr07 
• Calculated Finish Date – 08Jul21 

6.2 Project Schedule and Overview of Major WBS Element Activities and Milestones 

The integrated project schedule is provided in Appendix B.  Figure 6.2-1 provides a schedule of 
NGNP Project Level 1 milestones.  The key activities and milestones are summarized below. 

6.2.1 Research and Development 

R&D activities for the Nuclear Heat Supply Facility for the most part commence during 2007.  
This is followed by R&D milestones associated with fuel development in the 2008 to 2011 
timeframe.  Safety tests on AGR-2 fuel are scheduled for 2014, while fuel qualification under 
normal & accident conditions is scheduled for 2016.  R&D work associated with the PCS is 
initiated in 2007 and concludes in late 2013. 

R&D associated with Nuclear Hydrogen is scheduled to commence in 2007 (Advanced Unit and 
Advanced Cell) and be completed in 2017 (Lifetime Cell). 

6.2.2 Conceptual, Preliminary, and Final Design 

Reactor Plant

 Conceptual design is scheduled to commence during the 4th quarter of 2007, following 
award of contracts.  The duration of Conceptual Design is scheduled for approximately 
one year, completing with the issuance of the Conceptual Design Report in October 2008, 
also marking the Critical Decision 1 Milestone (CD-1). 

 Preliminary Design commences immediately following Conceptual Design, and extends 
until August 2010. 

 Final Design commences in August 2010 and extends until the second half of 2013. 

Hydrogen Plant

 Conceptual design is scheduled to commence during the 4th quarter of 2007, in parallel 
with the Reactor Plant scope.  Developmental activities continue through July 2008, after 
which R&D activities drive the schedule.  Conceptual design for the Hydrogen Plant 
resumes in late 2010 and concludes in November 2011. 

 Preliminary Design commences in November 2011 and concludes in January 2013. 
 Final Design commences in January 2013 and concludes in October 2014, excluding the 
preparation of procurement specifications. 
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Figure 6.2-1.  NGNP Project Level I Milestone Schedule 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 6-5 

6.2.3 Licensing 

Early Licensing activity commences in 2007 with support activities related to the preparation of 
the NRC Environmental Report, scheduled for submittal by September 2009.  Other early 
activities include development of the Licensing strategy (by INL) and support activities related to 
the preparation of NPDES and IDEQ permits.  This schedule reflects guidelines and 
assumptions related to the recommended licensing approach described in Section 5.2.1. 

The key licensing milestones include: 

 Preparation of the PSAR is scheduled to commence in August 2008, with a submittal 
scheduled for August 2010. 

 Preparation of the FSAR is scheduled to commence in June 2012, with a submittal 
scheduled for August 2014. 

 Preparation of the application to the NRC for a Construction Permit is scheduled to 
commence in July 2009, with a submittal scheduled for July 2010. 

 Preparation of the application to the NRC for an Operating Permit is scheduled to 
commence in October 2013, with a submittal scheduled for October 2015. 

6.2.4 Procurement of Long Lead Items 

Critical Decision 2/3 (Partial Release for Procurement of Long Lead items) is scheduled for 
November 2011, and restrains the start of fabrication for the Reactor Vessel, Turbine 
Machinery, and IHX. 

The schedule assumes a 36 month lead time for fabrication and delivery of the vessels.  
Delivery is scheduled for November 2014 (to the hook), indicating a fabrication start date of 
November 2011.  Additional lead time may be required if some vessel assembly operations are 
required on-site. 

Lead time for the turbine machinery is assumed to be 28 months (delivery March 2015). 
Lead time for the IHX is assumed to be 28 months (delivery April 2015). 

6.2.5 Construction 

Reactor Plant

Construction is scheduled to commence December 2012 with preliminary site work and 
infrastructure improvements.  Formal site preparation activities (Reactor Project) are scheduled 
to commence during the summer of 2013.  Initial excavation and foundation work will begin in 
the area of the Reactor Complex, and extending outward toward the site perimeter and BOP 
facilities. 

Installation (setting) of the Reactor Vessel is scheduled for November 2014, installation of the 
Turbine Machinery is scheduled for April 2015, and installation of the IHX is scheduled for May 
2015.

Piping/mechanical/electrical/instrumentation work is scheduled over a 3 year time span with 
completion in late 2017. 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 6-6 

Hydrogen Plant

Construction is scheduled to commence in November 2014 with sitework and excavation 
activities.  Foundations for the Plant area are scheduled for completion by January 2016, with 
structural steel completed by February 2017.  Piping/mechanical/electrical/instrumentation is 
scheduled for completion by November 2017. 

6.2.6 Startup and Commissioning 

Facility acceptance testing & startup activities are scheduled to commence in January 2017 and 
conclude by October 2018 for the Reactor Project. 

For the Hydrogen Plant, startup activities are scheduled to start in August 2017 and conclude in 
December 2018. 

6.2.7 Operation/Demonstration 

Shakedown operations and commercial demonstration are scheduled, per the PPMP, for the 
timeframe from December 2018 thru July 2021.  Schedule detail has yet to be developed for this 
work.

6.2.8 Summary of Key Schedule  Milestones 

 Initiate Conceptual Design/Trade Studies - 2007 
Approve Preliminary Baseline (CD-1) – Oct 2008 
Approve Performance Baseline (CD-2) – Oct 2010  
Approve Long Lead Procurement (CD 2/3) – Nov 2011 
Approve PSAR – Dec 2011 
Approve Start of Construction (CD-3) – Dec 2012  
Issue NRC Operating License – Dec 2017 
Approve Start of Operations (CD-4) – Dec 2018 
Commercial Demo plus Inspections – 2018 to 2021 

6.3  Critical Path Analysis 

6.3.1 Longest Path 

• Regulatory 
— CD-0, Approve Mission Need (by 27Apr07) 
— Issue EOI / Bid and Award Conceptual Design Contract (by 27Sep07) 
— CD-1, Approve Preliminary Baseline Range (30Oct08) 
— Prep and Submit NRC Environmental Report (by 11Sep09) 
— Complete CP Stage Review of Environmental Permit (by 24Sep10) 
— CD-2, Approve Performance Baseline (by 04Oct10) 
— NRC Issue Approval DEIS (by 26Oct10) 
— NRC Issue Approval for CP Stage Construction Permit (by 15Jun12) 
— Prep and Submit FSAR (by 13Aug14) 
— Prep and Submit NRC Operating License App (by 28Oct15) 
— NRC Issue Approval for FSAR (by 29Aug17) 
— NRC Issue Approval for Operating License (by 26Dec17) 
— Start Shakedown Ops and Commercial Demo (by 17Dec18) 
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— Commercial Demo plus Inspections Complete (by 08Jul21) 

• Hydrogen Plant 
— CD-0, Approve Mission Need (by 01Nov10) 
— CD-1, Approve Alternative Selection & Complete Conceptual Design (by 01Nov11) 
— CD-2, Approve Performance Baseline & Complete Preliminary Design (by 28Jan13) 
— Complete Final Design (by 31Oct14) 
— Complete Acquisition Strategy (Procurement) (by 03Mar17) 
— Start Demo Plant Startup (23Aug17) 
— Complete Demo Plant Startup (14Dec18) 

6.3.2 Critical Paths (+0 days Float) 

• Reactor & BOP Complex 
— Complete Conceptual Design (by 30Oct08) 
— Complete Preliminary Design (by 06Aug10) 
— Complete Final Design (by 06May13) 

• Long Lead Procurement 
— CD-2/3 Partial Decision for Long Lead (by 23Nov11) 
— Deliver Reactor Vessel to Hook – 36 Month Lead Time (by 17Nov14) 
— Deliver Turbine Machinery – 28 Month Lead Time (by 19Mar15) 
— Complete Set (by 16Apr15) 
— Deliver IHX – 28 Month Lead Time (by 30Apr15) 
— Complete Set (by 29May15) 

• Construction/Startup 
— Start Preliminary Site work and Infrastructure, General Site (by 14Dec12) 
— Start BOP Site work & Foundations (by 01Aug13) 
— Start Reactor Complex Site work & Foundations (by 27Sep13) 
— Start Hydrogen Plant Site work & Foundations (by 24Nov14) 
— Start Facility Acceptance Testing and Startup (by 16Jan17) 
— Load 1st Core Fuel (by 05Oct17) 

6.4 Resource Loading 

Resource loading of the schedule is based on the NGNP capital cost estimate, which is 
summarized in Section 5.3.1 and detailed in (Cost Estimates 2007).  Details concerning the 
resource loading are provided in the resource loading table and resource loading dictionary 
sheets provided in Appendix B.  Figures 6.4-1 and 6.4-2 show resource loading (man hours) by 
year based on the levelized schedule and the early-start schedule, respectively.  The direct hour 
loading on the levelized schedule shows a peak craft loading of approximately 625 full-time 
employees.  This number does not necessarily represent onsite personnel, as offsite fabrication 
and multi-shifting will be utilized.  Given the current level of available detail, the schedule 
(without the front end delay discussed in the Section 6.5) represents what can generally be 
viewed as an achievable plan to meet the project goals as identified in (PPMP 2006). 

Figures 6.4-3 and 6.4-4 show cash-flow profiles (in constant 2007$) that were developed from 
the early-start schedule with and without contingency).  Figure 6.4-5 shows a cash-flow profile 
developed from the levelized schedule (with contingency). 
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Figure 6.4-1.  Resource Loading (Hours) Based on Levelized Schedule 

Figure 6.4-2.  Resource Loading (Hours) Based on Early Start Schedule 
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Figure 6.4-3.  Cash-Flow by Year Based on Early-Start Schedule (with Contingency) 

Figure 6.4-4.  Cash-Flow by Year Based on Early-Start Schedule (without Contingency) 
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Figure 6.4-5.  Cash-Flow by Year Based on Levelized Schedule (with Contingency) 

6.5 Front End Delay 

Due to recent developments, the current execution plan by INL is to start “Conceptual Design” 
(or more specifically, additional trade studies to support design selection) on or about October 1, 
2007 under contract extensions with the current reactor vendor teams.  Completion of the 
Conceptual Design report would be scheduled for July 2009, with CD-1 shortly thereafter.  This 
puts the project schedule approximately one year behind the timeline established in the PPMP.  
Due to current uncertainties with respect to project execution, this apparent delay is not 
addressed in the integrated NGNP Project schedule presented in Appendix B.  Figure 6.5-1 
presents a Level 1 milestone schedule that shows the impact of this front-end delay on the 
Level I milestones associated with the integrated NGNP Project schedule (as shown in Figure 
6.2-1).  The following observations are relevant with respect to potential means of recovering 
the year delay at the front end of the schedule. 

• Based on a critical path analysis, Conceptual Design is on the zero float critical path.  
Therefore, any delay in the completion of Conceptual Design will have a day for day 
impact on the project completion date, unless mitigating steps are taken.  Principally, 
these steps would start with attempting to shorten the overall duration of Conceptual, 
Preliminary, and/or Final Design, as these phases are in series and can only be minimally 
overlapped.  One specific measure that has been mentioned that may shorten the 
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Conceptual Design phase is the use of the U.S./Russian International GT-MHR design 
information.  Other options also need to be explored. 

• Less likely options for shortening the overall critical path include fabrication and delivery of 
the reactor vessel (36 months is already considered minimal lead time for a non-forged 
vessel), and the Licensing and Regulatory phase (lead times and review durations fixed by 
others).

• Although there may be some room for improvement in the construction schedule (which at 
this time exists at a moderately high level of detail), the likelihood of gaining up to a year in 
duration is remote. 

In summary, it is likely that any recovery time to be gained in the schedule will come from a 
combination of compressing the design schedule (Conceptual, Preliminary, Final), as well as 
detailing out the Construction schedule to develop strategies for possible schedule compression 
during that phase.  As discussed, approximately one year will need to be recovered if the 
2018/2021 timetable is to be maintained. 
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Figure 6.5-1.  NGNP Project Level I Milestone Schedule with Front-End Delay 
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Figure 6.6-1.  NGNP Project Level I Milestone Schedule with Front-End Delay 
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7 TECHNOLOGY DEVELOPMENT   

This section discusses the technology development required for the NGNP.  Section 7.1 
discusses GA’s methodology for integrating MHR design and technology development.  Section 
7.2 summarizes the Technology Development Plan (TDP) that was prepared as a separate 
stand-alone document [TDP 2007] to focus and prioritize the R&D programs needed to support 
the NGNP based on the preconceptual design information presented in this PCDSR.  Section 
7.3 discusses the NGNP fuel acquisition strategy that GA has developed in recognition of the 
critical importance of a viable fuel supply to the success of the NGNP Project and for 
deployment of MHRs in the U.S.  This fuel acquisition strategy allows for startup of the NGNP 
by 2018 and for timely demonstration by the NGNP Project of successful mass-production and 
irradiation of the UCO fuel that GA believes is essential for commercial deployment of MHRs.  
Section 7.4 presents recommendations for a testing and inspection program to be carried out at 
the start of NGNP operations. 

7.1 Methodology for Integration of Design with Technology Development 

GA uses the protocol illustrated in Figure 7.1-1 for integration of design with technology 
development in order to maximize the benefit of the technology-development programs in terms 
of supporting a plant design and minimizing the technical risk of the design.  This model is 
based on successful Engineering Development and Demonstration (ED&D) programs 
conducted and managed by GA for DOE projects, including Accelerator Production of Tritium, 
the Salt Waste Processing Facility, the commercial GT-MHR, and the New Production Reactor. 

As shown in Figure 7.1-1, the process begins by evaluating design requirements and reviewing 
existing design data from a variety of sources.  Design assessments and trade studies are 
performed, eventually leading to key design selections and a technical baseline that meets all 
design requirements.  It may be reasonable to revise one or more design requirements during 
the process if the overall impact is small.  At this point, a design has been developed that meets 
all requirements, but requires some technology development to confirm assumptions upon 
which the design is based.  Also, if necessary, the process allows for an early testing path to 
provide early confirmation of basic assumptions. 

The technology development process begins with the design organization preparing design data 
needs (DDNs), which are formal project documents that include fallback positions in the event 
the testing programs do not produce acceptable results or the test could not be performed for 
budgetary or other reasons.  The DDNs provide a concise statement of the required data and 
the associated schedule, quality, and accuracy requirements.  In addition to preparing DDNs, 
the design organization also prepares a Test Specification that defines the data requirements in 
more detail.  The technology organization is responsible for developing Technology 
Development Plans and Test Plans for specific tests.  The design and technology organizations 
work together during preparation of the DDNs, Test Specifications, Technology Development 
Plans, and specific Test Plans. 

The technology organization conducts the technology development programs and generates the 
design data.  If feasible, the technology organization may integrate its activities with other (e.g., 
international) programs in order to minimize costs.  After the design data are obtained, the 
design and technology organizations work together to determine if the DDNs are satisfied.  If the 
DDNs are satisfied, the key design selections and technical baseline are finalized and the 
design is completed.  If a DDN is not satisfied, the most likely path forward is to adopt the 
fallback position, which could mean additional margin is added to a certain area of plant design 
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in order to reduce technical risk.  However, depending on the results of a specific test program, 
a more reasonable path forward may be to re-evaluate a key design selection and return to the 
design process.  An Independent Review and Verification organization is established at the start 
of the process to provide oversight of both the design and technology development processes. 

7.2  Technology Development 

The Statement of Work (SOW) for the preconceptual engineering services contract under which 
this PCDSR has been prepared defines critical structures, systems, and components (SSCs) as 
“those components that are not commercially available or do not have proven industry 
experience,” and requires that the critical SSCs for the NGNP be identified and defined down to 
the component level.  By definition, the critical SSCs are those components for which 
technology development and/or design verification testing is required.  These critical SSCs 
include essentially all of the components of the reactor system (e.g., the fuel, the control rods, 
the hot ducts, and other reactor internals); the reactor, PCS, and IHX vessels; certain 
components of the PCS and the PCS as a whole; the helium circulators, IHX, and isolation 
valves in the heat transport systems; the process heat exchangers in the hydrogen production 
processes, the SOEC’s in the HTE-hydrogen plant; the SI-process as a whole, and the various 
plant instrumentation and control systems.  The NGNP critical SSCs and the associated design 
data needs (DDNs) for these SSCs have been systematically identified in the Technology 
Development Plan (TDP) [TDP 2007] prepared by the GA Team as part of the subcontract work 
scope.

[TDP 2007] was prepared to focus and prioritize the R&D programs needed to support the 
NGNP based on the preconceptual design presented in this PCDSR.  The status of the various 
technologies needed to support NGNP design and licensing was reviewed and summarized (to 
define the state of the technology), and DDNs were defined where the current data base was 
judged to be inadequate (to define what needs to be done to advance the technology to support 
NGNP design and construction).  The DOE-sponsored technology programs intended to support 
the NGNP, including the various NGNP R&D programs and the DOE Nuclear Hydrogen 
Initiative (NHI) programs, were then evaluated and their responsiveness to the DDNs was 
assessed. 

The effort in preparing the TDP was concentrated in the five specific areas of research, called 
“Major Project Elements,” outlined in The Energy Policy Act of 2005, plus an additional research 
area that was added in the NGNP PPMP.  These areas include: 

• High-temperature hydrogen production technology development and validation 
• Power conversion technology development and validation 
• Nuclear fuel development, characterization, and qualification 
• Materials selection, development, testing, and qualification 
• Reactor and balance-of-plant design, engineering, safety analysis, and qualification 
• Energy transfer, which includes the IHX and the secondary HTS. 

In principle, the GA Team agrees that these are the priority R&D areas for the NGNP and this is 
reflected by the structure and content of the TDP. 

The results of the GA Team’s evaluation of the state of the technology, the gaps in the 
technology, and the adequacy of the NGNP R&D programs and NHI R&D program to fill those 
gaps are summarized below.  The evaluation was made on the basis of the NGNP 
preconceptual design described in this PCDSR and the R&D program plans made available by 
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INL and on various DOE web sites (e.g., the NHI 10-yr plan).  When the NGNP reference 
design is officially declared and subsequently matures, additional DDNs will undoubtedly be 
defined, but it is anticipated that the major ones have been identified in the TDP.  Also, the GA 
Team perception regarding the responsiveness of the NGNP and NHI R&D programs to these 
DDNs may change to some degree as those R&D plans are better defined. 

Overall, the current NGNP and NHI R&D plans appear largely adequate to meet the DDNs with 
a number of important exceptions that are described below by technology area.  However, with 
the notable exception of the technical program plan for the AGR Fuel Development and 
Qualification Program (AGR Fuel Program), these R&D plans are, in general, too high level and 
largely qualitative in nature (e.g., few test matrices, etc.).  Consequently, a general 
recommendation is that the NGNP and NHI program plans be revised to tie them directly to the 
NGNP DDNs and that they be better quantified.  Without more specificity, it is not clear what 
data will be available at what time, and it is not possible to judge the reasonableness of the R&D 
cost presented in those plans. 

7.2.1 Technology Base for NGNP Design and Licensing 

The status of several key elements of the technology base is described below.  These particular 
technology areas were chosen because additional technology development is required in these 
areas for NGNP design and licensing.  The status of the key technologies is elaborated in 
Section 3 of the TDP, which includes an extensive bibliography. 

7.2.1.1 Nuclear Heat Source 

The technology base for MHR design and licensing derives from five decades of international 
R&D programs combined with the design, construction and operation of seven He-cooled 
reactors.  Actual reactor operation provides the most credible demonstration of the technology. 

Radionuclide Containment

As discussed in Section 5.1.1.2, the radionuclide (RN) containment system for an MHR, which 
reflects a defense-in-depth philosophy, is comprised of multiple barriers to limit radionuclide 
release from the core to the environment to insignificant levels during normal operation and a 
spectrum of postulated accidents.  The effectiveness of these barriers in containing 
radionuclides must be characterized for normal operation and a broad spectrum of postulated 
accidents.  The most important barrier in the RN containment system is the TRISO coating 
system.  TRISO particle fuel has been fabricated in many countries throughout the world, 
irradiated in numerous irradiation test capsules, and used as the fuel in eight power and 
experimental reactors, thus the basic processes for fabrication of gas-cooled reactor fuel are 
well established.  However, the fuel quality requirements for future advanced gas-cooled 
reactors are considerably more stringent than for these earlier reactors.  The capability of 
TRISO fuel particles to meet these stringent performance requirements has been demonstrated 
in Germany for the pebble-bed reactor design, but has not yet been demonstrated in the U.S. 
(or elsewhere) for prismatic core designs. 

A radionuclide containment issue of special interest for the NGNP is containment of tritium.  
Tritium will be produced in a MHR by various nuclear reactions.  Given its high mobility, 
especially at high temperatures, some tritium will permeate through the IHX and hydrogen plant 
process vessels, contaminating the product hydrogen.  This tritium contamination will contribute 
to public and occupational radiation exposures; consequently, stringent limits on tritium 
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contamination in the product hydrogen are anticipated to be imposed by regulatory authorities.  
Design options are available to control tritium in the NGNP, but they can be expensive so the 
design should include an optimal combination of mitigating features. 

High Temperature Materials

Structural materials will be required to operate at high temperatures in the NGNP where coolant 
temperatures during normal operation may be as high as 950°C (and possibly higher during 
transients).  The structural materials that experience the highest service temperatures are the 
core graphite and the high-temperature metals used for the reactor internals, hot ducts, and the 
portions of the PCS and IHX exposed to the core outlet helium flow. 

Certain graphite properties are of critical importance to the proper functioning of the core.  For 
example, stringent limits were imposed upon primary coolant oxidants in FSV because of 
concerns about oxidation of the graphite core support floor, which was aggravated by high iron 
impurities. 

The design of the NGNP graphite components is based on a considerable international body of 
graphite data.  In the early 1970's, a near-isotropic, petroleum coke-based graphite, designated 
Grade H-451, was developed by Great Lakes Carbon, and numerous test programs and 
experiments were conducted to characterize its behavior.  H-451 was used successfully in FSV 
reloads, and it was the reference fuel element graphite for the NP-MHTGR.  Unfortunately, this 
graphite is no longer commercially available, and a priority task for the NGNP technology 
program is to identify and qualify a replacement having comparable properties.  The component 
models and material property data for designing graphite components are documented and 
controlled in the GA Graphite Design Data Manual.  It is planned to use these data in the 
conceptual design (and perhaps preliminary design) of the NGNP core until a replacement for 
H-451 graphite is characterized. 

Structural metals will be used throughout the primary coolant circuit of the NGNP, including the 
reactor internals, hot ducts, and heat exchangers.  When the first HTGRs were designed, it was 
obvious that the metallic components would operate at high temperature and that some would 
be exposed to high neutron doses as well.  The environmental aspect that was not fully 
anticipated until the first prototype HTGRs were operated was the extent to which the reactor 
primary coolant chemistry could vary. 

The design of the reactor metal components is based on the ASME Code with conservative 
reductions in Code allowables based on existing data relative to environmental effects on the 
various alloys.  Since the early 1960s, numerous test programs and experiments have been 
conducted in support of metals technology for HTGRs.  Extensive laboratory testing, using a 
range of temperatures and helium impurity levels, has been carried out in the U.S., Europe, and 
Japan over the past three decades to verify the performance of a variety of high-temperature 
materials in helium environments expected for HTGR systems.  Test materials included wrought 
alloys such as 2¼Cr-1Mo steel, Alloy 800H, Hastelloy X, Inconel 617 (IN 617) and other metals. 

The greatest materials challenge for NGNP design will be to qualify a metal for the IHX which 
can operate at 950°C with a long lifetime (IN 617 is the leading candidate).  The Japanese 
HTTR has an IHX made of Hastelloy XR.  This IHX has been designed to operate at 950°C with 
a lifetime of 10 years. 
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Heat Transfer Technology

Historically, the heat transfer technology relied upon in gas-cooled reactors has been helical-coil 
heat exchanger technology.  Helical-coil heat exchangers are the preferred design choice for 
steam generators and are also used in emergency core cooling system, auxiliary cooling 
systems, and shutdown cooling systems.  Helical-coil heat exchangers often have a relatively 
large LMTD in order to reduce the heat transfer surface area and size of the heat exchanger. 

The PCHE technology achieves high effectiveness and low LMTD in a compact heat exchanger 
with reasonable pressure drops across the heat exchanger.  PCHEs consist of alternating 
metallic plates in which microchannels have been chemically etched and then joined together 
under high pressure and temperatures to form a diffusion-bonded heat transfer core.  PCHE 
technology has been applied to numerous industries but has yet to be applied in the nuclear 
industry – especially for gas-cooled reactors at very high temperatures.  A PCHE IHX is 
recommended for the NGNP with a helical-coil design as a backup. 

Power Conversion System

The major components in the PCS are based on combustion gas turbines (both industrial and 
aeroderivative units) that are in service today for electrical power generation.  The major 
components include a TC, EM bearings, electrical generator, recuperator, precooler/intercooler, 
and pressure vessel.  The reference PCS design uniquely packages together these major 
components to achieve a highly efficient compact unit.  The major components are based to a 
large extent on proven technology, which reduces the development risk for the PCS.  In the 
1970s, two helium turbine facilities were built and operated in Germany.  The experience gained 
from operation of these facilities was factored into the design selections made for the reference 
PCS.

Design Verification and Support

The base technology for designing most MHR SSCs derives from five decades of international 
R&D programs combined with the design, construction and operation of seven He-cooled 
reactors.  For the NGNP preconceptual design, the exceptions are the PCS, IHX, and hydrogen 
plants.

Design Methods Development and Validation

The design methods for analyzing prismatic HTGRs were first developed to support the design 
and licensing of FSV and the large HTGRs in the 1970s.  A brief summary status of the 
prismatic core design methods is presented below.  Most of the design methods used for the 
analysis of the plant systems, structures and components are commercially available design 
tools, such as ANSYS, SINDA/FLUENT, RELAP5, Pro/E, etc. 

GA’s reactor physics codes were originally developed from the basic neutron transport and 
diffusion theory equations.  These methods were adapted to high-temperature, graphite-
moderated systems to allow calculation of temperature-dependent graphite scattering kernels, 
and the development of fine group cross sections for graphite systems from point-wise data 
(e.g., ENDF/B, JEF, and JENDL data sets).  These nuclear design methods have been 
benchmarked against other industry standard codes, such as MCNP, and integral test data from 
operating HTGRs and critical experiments with generally good agreement.  While the 
experimental data used for nuclear code V&V are considered reliable, some of the older data 
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and, in particular, the international data may not have an adequate QA pedigree to be accepted 
by the NRC without some confirmatory testing. 

The basic approach for performing core thermal/fluid flow analyses for prismatic HTGRs was 
also established to support the design of FSV and the large HTGRs in the 1970s, and a number 
of codes were written at GA for that purpose.  Although the analytical tools have evolved and 
the computational capabilities have improved enormously with modern computers, the basic 
analytical approach is still valid.  Future core thermal/flow analysis for normal operation and 
accidents will be performed with industry standard codes, such as ANSYS and RELAP5, and 
various commercial CFD codes as required. 

Design methods have also been developed to predict the various fuel performance and 
radionuclide transport phenomena in HTGRs in order to generate source terms for plant design 
and safety analysis.  The accuracy of these design methods have been assessed by comparing 
code predictions with data from operating reactors and integral test data from various 
experimental programs.  In general, the uncertainties in the predicted source terms are large.  
These design methods are adequate for predicting source terms during NGNP conceptual 
design, but they will need to be upgraded during preliminary design and validated prior to 
completion of final design. 

A number of core structural analysis codes were developed at GA during the past three 
decades and used extensively for core design and safety analysis.  However, future core 
structural analysis, including seismic analysis, will be performed with ANSYS and 
ANSYS/DYNA3D.  Improved constitutive equations for graphite along with improved material 
property data will be required. 

7.2.1.2 Hydrogen Production 

The technology base for hydrogen production derives primarily from two sources: (1) the 
commercial production of inorganic chemicals for more than a century for the SI process, and 
(2) international development of solid-oxide fuel cells (SOFC) for the past three decades for the 
HTE process. 

SI Process

The SI thermochemical water-splitting process was invented at GA in the early 1970s.  The 
modern DOE-sponsored R&D effort on the SI process has been done primarily in collaboration 
with the French Commissariat à l’Energie Atomique (CEA) under an International Nuclear 
Energy Research Initiative (I-NERI) agreement since 2003.  Through 2004 and 2005, 
experimental work in glass equipment was conducted to evaluate and choose appropriate 
methods for carrying out the reactions in each of the three sections of this process.  Design 
work in 2006 allowed for lab-scale devices to be constructed in 2007 from engineering materials 
that are expected to be used in a pilot-scale hydrogen production facility scheduled for operation 
beginning in 2013. 

The highly corrosive nature of chemical streams in the SI process has led to significant research 
work in the area of materials compatibility.  Early screenings showed that alloys of tantalum 
appeared suitable, and current work is exploring long-term performance and corrosion 
resistance of materials stressed or machined in ways that materials of construction for larger 
scale plants will experience.  
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HTE Process

The SOEC, which is the fundamental component of the HTE process, is essentially a SOFC 
operating in reverse.  SOFCs have been under international development for more than two 
decades and appear to be approaching commercial viability for a number of applications. 

SOE concepts based on both planar-cell and tubular-cell technologies are currently being 
developed.  SOE technology based on the planar-cell concept is being developed as part of the 
DOE NHI and involves collaboration between INL and Ceramatec of Salt Lake City, UT.  A 
potential issue for the planar-cell concept is stack durability and sealing as the result of thermal 
cycles.  Tubular cells have less active cell area per unit volume than planar cells but are less 
susceptible to stack durability and sealing issues.  Toshiba Corporation is currently developing 
an SOE concept based on tubular-cell technology.  The GA Team, which includes Toshiba, 
considers both the planar-cell and tubular-cell technologies to be promising concepts for future 
commercialization and recommends that both concepts be developed through at least the pilot-
scale demonstration stage so that tradeoffs between capital costs and long-term performance 
can be accurately characterized. 

7.2.2 Design Requirements 

Preliminary design requirements for an NGNP having a prismatic block MHR are defined in the 
Systems Requirements Manual [SRM 2007].  The requirements specified in the SRM will 
ultimately determine what technology is needed to support plant design and licensing.  
Consequently, determination of a final set of detailed design requirements is a prerequisite to 
defining the DDNs and attendant technology development programs for the NGNP.  In fact, the 
current NGNP and NHI R&D programs lack focus because they are generic programs that have 
not been scoped or prioritized to support a particular plant design.  Since the NGNP is still in the 
preconceptual design phase, the design requirements are provisional, especially the lower-level 
ones; consequently, the conclusions presented in the TDP regarding the current R&D programs 
are subject to revision as the design matures and more definitive feedback is provided by 
regulators and potential customers. 

As described above, there is a large, often robust, international data base to support most 
aspects of NGNP design as a result of five decades of nuclear power plant design and 
operation, especially the design and operation of seven HTGRs.  Consequently, most design 
requirements do not generate DDNs and can be satisfied by standard engineering practice and 
application of proven technology and validated analytical tools.  In fact, a relatively few design 
requirements generate most of the DDNs that have been identified for the NGNP at this time, 
and they in large measure drive the technology development requirements.  These 
requirements are presented in Section 4 of the TDP. 

7.2.3 Evaluation of the NGNP and NHI Technology Development Plan 

The NGNP DDNs are summarized in Section 5 of the TDP and are listed in Table 7.2-1.  The 
existing DDNs for the commercial GT-MHR apply almost without exception to the NGNP 
preconceptual design.  A number of new DDNs have been identified for the NGNP, largely 
because of its hydrogen production mission. 

The DOE-sponsored technology programs intended to support the NGNP, including the various 
NGNP R&D programs and the NHI programs, were evaluated, and their responsiveness to the 
NGNP DDNs was assessed.  The existing technology development plans were evaluated to 
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identify any deficiencies and unnecessary workscope, especially in the context of the NGNP 
schedule.  The results are summarized in Table 7.2-1 and are elaborated in Section 6 of the 
TDP.

7.2.3.1 Fuel/Fission Products Program 

The DOE AGR Fuel Program has the mission to develop and qualify fuel for the NGNP.  The 
AGR Fuel Program is developing and qualifying conventional, SiC-based TRISO fuel particles 
with the assumption that conventional TRISO particles will be adequate for use in the initial core 
of the NGNP.  There was no NGNP reference design when the AGR Fuel Program was first 
planned in 2003; consequently, the program initially selected the GT-MHR fissile particle as the 
reference particle design for fuel fabrication process development and irradiation testing.  
Validation of radionuclide source terms is also within the scope of the AGR Fuel Program. 

The AGR Fuel Program Plan (AGR Plan) [AGR Plan 2005] is a comprehensive plan that the GA 
Team continues to endorse with the caveats summarized below.  (GA was a member of the 
team that prepared the AGR plan and continues to participate in the program.)  [PPMP 2006] 
and [ITRG 2004] identify a number of risks associated with the overall NGNP fuel qualification 
effort.  The GA Team agrees with these concerns and has identified additional deficiencies.  
The scope of the AGR Fuel Program is largely responsive to the NGNP DDNs, but a 
fundamental problem is that the AGR Fuel Program schedule does not support the NGNP 
design and licensing schedule.  Moreover, given the limited existing test facilities in the U.S., it 
would be difficult to significantly accelerate the AGR Fuel Program even with unconstrained 
funding.

Fuel Process Development

The AGR fuel development schedule will not support a 2018 startup of the NGNP.  
Consequently, GA proposes a fuel acquisition strategy for the NGNP that includes use of 10%-
enriched UO2 TRISO fuel fabricated by NFI for the NGNP first core fuel load (and possibly for 
one or more reload segments) with parallel qualification of UCO fuel and development of a 
domestic UCO fuel supply by the AGR Fuel Program.  This fuel acquisition strategy is discussed 
in detail in Section 7.3 and is based on GA’s belief that it is essential that the NGNP Project 
build, license, and operate a fuel manufacturing pilot plant for NGNP to demonstrate the viability 
of economical mass production of UCO TRISO fuel, thereby satisfying the fuel fabrication 
process DDNs. 

Another issue with respect to fuel process development is coater scale-up.  The fuel currently 
being irradiated in AGR-1 was made in a laboratory scale coater at ORNL.  Coating process 
development is currently proceeding at BWXT to scale-up the coating process to a 15-cm 
diameter coater.  Commercial scale coaters operated at GA and at HOBEG GmbH in Germany 
had a coating chamber diameter of 24-cm.  The AGR Fuel Program recognizes the need to 
scale up the coating process to a commercial-size coater, but the second scale-up step is not 
currently in the AGR Plan. 
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Fuel Materials Qualification

Both the ITRG and INL have recognized the risks associated with the AGR Fuel Program’s 
single path approach to fuel qualification.  The NGNP PPMP calls for expansion of the program 
to include a dual path involving irradiation testing of UCO fuel fabricated in the U.S. by BWXT 
and UO2 fabricated by NFI.  The UCO fuel would be irradiated in test AGR-2 as originally 
planned, and a new irradiation test (“AGR-2a”) would be added to the AGR program plan for 
irradiation testing of UO2 fuel fabricated by NFI.  Irradiated fuel from both irradiation tests would 
be subjected to heating tests to simulate accident conditions (i.e., safety tests).  The irradiation 
and safety testing of NFI UO2 fuel is not currently included in the AGR Plan. 

GA endorses the approach described in the PPMP to irradiate both UCO fuel and NFI UO2 fuel.  
However, consistent with GA’s view that demonstration of UCO fuel in the NGNP is essential for 
deployment of commercial MHRs in the U.S., GA does not agree that a down selection for 
qualification testing should be made between UCO fuel and NFI UO2 fuel.  Rather, UCO fuel 
should be qualified as currently planned, and NFI UO2 fuel should be qualified for use in the 
initial core and early reload(s) based on Japanese and confirmatory U.S. irradiation and safety 
test data.  It is also assumed that a fuel performance monitoring program in the NGNP would be 
necessary to supplement the irradiation and safety testing data for NFI UO2 fuel. 

Radionuclide Transport

As indicated in the PPMP, there is a substantial risk that the RN transport workscope included in 
the AGR Plan will be inadequate to support NGNP design and licensing.  This problem has 
been exacerbated by chronic funding shortfalls for the AGR Fuel Program; consequently, no 
experimental work in the RN transport area has been initiated to date with the exception that the 
driver fuel has been fabricated for irradiation tests AGR-3 and AGR-4.  In fact, no experimental 
work on RN transport outside of the core is planned until FY12.  The significant RN transport 
issues identified with the AGR Plan are summarized below. 

A series of fission product transport tests in an in-pile loop are needed in order to generate 
the integral test data necessary to validate the predicted source terms for the NGNP.  The 
AGR Plan contains tasks to construct an in-pile loop and to perform an in-pile test 
program.  However, the design and construction of the loop are not initiated until FY13.  
The technical feasibility of constructing such a facility (presumably in the ATR) and the 
associated costs and schedule must be established far earlier if the design methods for 
predicting RN transport in the primary circuit are to be validated before the end of NGNP 
final design.  The cost and schedule estimates for loop design and construction appear to 
be very optimistic. 

The AGR Plan does not address tritium transport (perhaps, in part, because it is a generic 
development plan which does not focus on a specific reactor design).  Tasks to 
characterize tritium retention in the core and tritium permeation through heat exchanger 
materials need to be added to address NGNP DDNs. 

The AGR Plan does not address RN transport in the VLPC.  It only includes an evaluation 
of the extent to which the experimental water-reactor database for radionuclide transport in 
high-pressure containment buildings might be applicable to the VLPC.  A recent evaluation 
concluded that these data are of limited value for refining and independently validating the 
design methods used to predict radionuclide transport in VLPCs because the radionuclide 
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concentrations and the physical and chemical forms in the two systems are too different.  
As a result, new DDNs have been identified that the AGR Fuel Program needs to address. 

7.2.3.2 Structural Materials R&D Program 

The objective of the NGNP Materials R&D Program [NGNP Materials Program 2005] is to 
provide the essential materials R&D needed to support the design and licensing of the NGNP, 
excluding the hydrogen plant.  The most important products of the program will be qualified 
nuclear graphite for the reactor core and high temperature metals for use throughout the nuclear 
heat source, PCS, primary HTS, and balance of plant.  The GA Team perspective on the 
graphite and metals program is briefly summarized below. 

Graphite Program

The graphite program described in [NGNP Materials Program 2005] is evaluating at least 16 
nuclear graphites and fuel-element matrix materials from at least four international graphite 
vendors.  The current focus of the program is the graphite irradiation capsule AGC-1 which is 
intended to provide irradiation creep design and dimensional change data on candidate 
graphites for the NGNP program.  Creep data will be obtained for six major graphite grades:  H-
451 and IG-110, both of which are included as reference graphites, and four new grades, 
PCEA, NBG-17, NBG-18, and IG-430.  In addition, AGC-1 contains ten minor grades of 
graphite.

A comprehensive, stand-alone graphite TDP is needed to define the entire scope, schedule and 
cost of the planned program.  The planned program is probably responsive to the graphite 
DDNs defined herein for a prismatic NGNP, but from the GA Team’s perspective, it may be 
excessive.  The graphite service conditions in a prismatic VHTR are not demanding (e.g., fast 
neutron fluence to the fuel element <5 x 1021 n/cm2, E >0.18 Mev).  Previously qualified H-451 
for fuel and reflector elements and Stackpole 2020 for the core support structure have adequate 
material properties.  The primary need is to identify and qualify a replacement for H-451.  The 
recommended approach is to use AGC-1 as a screening capsule to identify the lowest-cost 
graphite with properties comparable to H-451 and then to perform supplemental testing to 
establish a correspondence between the behavior of the replacement graphite and the 
extensive H-451 experience base.  The GA Team considers the qualification of a replacement 
graphite for H-451 to be a high priority, but a low risk task. 

High Temperature Metals

The metals program described in [NGNP Materials Program 2005] is evaluating a large number 
of alloys for high temperature applications throughout the Reactor System, PCS, and Primary 
HTS.

With an important exception, the planned program appears responsive to the structural metals 
DDNs defined herein for a prismatic NGNP, but from the GA Team’s perspective it may be 
excessive.  Because the reference NGNP design has not been chosen, the current materials 
R&D program is necessarily a generic program.  Once the reference design is determined, the 
metals R&D program needs to be focused on a relatively few alloys (e.g., a prime and a backup 
alloy for each application).  To that end, a comprehensive, stand-alone metals TDP should be 
prepared that defines the entire scope (test matrices, etc.), schedule, and cost of the planned 
program.  A high-priority task will be to complete qualification of IN 617 for an IHX operating at 
950°C.
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An important deficiency in the current metals R&D program is that it does not include turbine 
blade alloys.  There is considerable incentive to develop and qualify a turbine-blade alloy that 
can be used without blade cooling at 950°C with an acceptable service life20.  The turbine blade 
alloy R&D program should emphasize helium effects as well as thermal fatigue, and the 
threshold concentrations and temperatures for possible corrosion of turbine alloys by 
radionuclide plateout (Te, Cs, Ag) should be investigated. 

7.2.3.3 Energy Transfer Technology Program 

The GA Team understands that an Energy Transfer TDP will be prepared [PPMP 2006].  
Presumably, it will emphasize the design and qualification of an IHX capable of operating at 
950°C for long life times (several decades).   While some DDNs related to the IHX are generic 
(e.g., the materials DDNs that will be addressed by the materials R&D program), other DDNs 
are design specific (e.g., printed circuit vs. helical coil, etc.); consequently, a reference 
conceptual design for the IHX is urgently needed to provide direction and priority to the energy 
transfer R&D programs.  This Energy Transfer TDP will also need to address DDNs related to 
process heat exchangers (hydrogen plants), piping insulation, isolation valves, and high 
temperature circulators. 

7.2.3.4 Power Conversion System Technology Program 

The NGNP program has not prepared a PCS TDP as of this writing.  Analogous to the Energy 
Transfer TDP, the scope of a PCS TDP will be strongly influenced by the PCS design.  The 
NGNP PMPP and the ITRG have expressed a preference for an indirect-cycle PCS based upon 
conventional combustion turbine technology with the implication that little technology 
development would be necessary.  The GA Team recommends a direct-cycle PCS for the 
reasons elaborated in Section 2.4.2.  Specifically, the GA Team recommends the direct-cycle 
PCS being designed and developed by OKBM under the U.S./Russian International GT-MHR 
Program in Russia as the reference PCS design for the NGNP.  OKBM, in collaboration with GA 
and ORNL, is conducting a comprehensive technology program to qualify this PCS design.  GA 
believes that this PCS technology demonstration program will establish the viability of the 
design before the end of NGNP preliminary design.  However, the GA Team also recommends 
that the direct combined cycle concept proposed by Rolls-Royce as a lower-risk alternative to 
the OKBM design be developed further to mitigate the risk associated with development and 
demonstration of the OKBM design. 

7.2.3.5 Design Verification & Support Programs 

The base technology for designing most MHR SSCs derives from five decades of international 
R&D programs combined with the design, construction, and operation of seven He-cooled 
reactors.  Nevertheless, there are design-specific features of some SSCs that will require design 
verification by testing with semi-scale mockups or with actual prototypical components.  Such 
testing is referred to herein as design verification and support (DV&S). 

The current NGNP and NHI technology development programs are largely generic because 
there is no reference NGNP design.  Many fundamental design selections have yet to be made, 
e.g., reactor core type, IHX configuration, hydrogen production process, etc.  Consequently, the 
current TDPs do not address DV&S DDNs to a significant degree.  When the reference NGNP 

20 Blade cooling is a viable alternative, but thermal barrier coatings may be needed in that case.



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 7-16

design is chosen, additional TDPs will need to be prepared that address the DV&S DDNs for 
key SSCs.  It is expected that new design-specific TDPs will include plans for the Reactor 
System, Vessel System, RCCS, etc. 

Additional validation of the nuclear design methods will probably be needed for licensing the 
MHR design because of its annular core, which uses reflector control rods, and because of its 
reliance on inherent safety features in contrast to engineered safeguards.  Conduct of new 
critical experiments, especially at elevated temperatures, will be problematic because no test 
facility currently exists in the U.S.  A viable option would be to perform the tests in a foreign 
facility. 

7.2.3.6 Hydrogen Production Programs 

Nuclear hydrogen production technologies are being developed under the DOE Nuclear 
Hydrogen Initiative (NHI).  The technology development programs, which have only been 
developed at a high level, are described in the Nuclear Hydrogen Initiative Ten Year Program 
Plan.  The NHI plan covers both thermochemical water splitting and HTE based on planar-cell 
technology.  As discussed in the NGNP PMPP, the NHI plan is generally consistent with the 
NGNP construction schedule.  The NHI Plan appears to address the SI and HTE DDNs 
identified in Section 5 of the TDP; however, the plan lacks specificity.  Both SI and HTE 
processes are considered to be immature for the reliable production of commercial quantities of 
hydrogen.  Consequently, the planned construction and successful operation of pilot-scale and 
engineering-scale test facilities for both SI and HTE will be critically important for the timely 
success of the NGNP hydrogen production mission.  More detailed technology development 
plans for the SI and HTE processes should be developed during the NGNP conceptual design 
phase to ensure that the DDNs will be satisfied, especially those related to process integration 
and scaleup. 

7.2.3.7 Design Methods Development and Validation 

An extensive code development and validation program is presented in the NGNP Design 
Methods Development and Validation Research and Development Program Plan.  The 
emphasis is heavily upon core nuclear and thermal/fluid flow computational methods.  Design 
methods for predicting coated-particle fuel performance and fission product transport are not 
addressed.  Instead, the Plan states that the AGR Fuel Program will provide the necessary 
design methods for those applications.  While the AGR Plan does include development of 
improved component models, etc., it does not include scope for developing advanced 
computational tools for full-core performance analysis or for predicting RN transport throughout 
the plant, and tritium transport is not addressed at all. 

The GA Team’s perspective is that the emphasis of the current NGNP methods development 
plan is misguided.  At least for prismatic MHRs, the currently available computational tools for 
core nuclear analysis and thermal/fluid flow analysis are largely adequate for NGNP conceptual 
and preliminary design.  The traditional GA design methods for analyzing prismatic HTGRs, 
which were first developed to support the design and licensing of FSV and the large HTGRs in 
the 1970s, are still available.  However, for nuclear analysis, the traditional codes have been 
largely supplanted by industry standard codes, such as DIF3D and MCNP; and for thermal, 
flow, and structural analyses, commercial codes, such as ANSYS, RELAP5, SINDA/FLUENT, 
and CFX, are already being used routinely by the GA Team.  In contrast, the design methods for 
predicting fuel performance and fission product transport are in need of modernization and 
upgrade to support NGNP design and licensing. 
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7.2.4 Potential for International Collaboration 

There is an impressive history of successful international collaboration on HTGR development, 
especially in the fuel, fission products and graphite areas.  Arguably, the first major international 
cooperation on HTGR development – the Dragon Project – remains the most ambitious and 
successful one.  One obvious and important difference in the on-going international Modular 
HTGR programs is the choice of core design with the U.S./Russian International GT-MHR 
program and the Japanese program having selected a prismatic core and the PBMR and 
Chinese programs having chosen a pebble-bed core.  While this difference is a complication in 
some regards, history is reassuring and encouraging.  The U.S. (prismatic core) and Germany 
(pebble-bed core) had a very productive cooperative program for gas-cooled reactor 
development beginning in the late 1970s and continuing until the HTR program in Germany was 
terminated in the late 1980s.  Without exception, the greatest impediment to international 
collaboration is not technical differences but rather the establishment of government-to-
government implementing agreements, especially regarding intellectual property rights. 

The U.S./Russian International GT-MHR and the NGNP share many common DDNs, and much 
of the on-going RF technology program would be directly supportive of the NGNP Project.  The 
OKBM PCS design is part of the GA NGNP preconceptual design.  The OKBM design will have 
to be modified for 950oC operation and to address the issues raised by the Rolls Royce 
independent review summarized in Section 3.6.2.  Much of the fuel, fission product, and 
graphite technology programs should be directly relevant as well. 

In addition to having common DDNs that the on-going U.S./Russian International GT-MHR 
technology program could address for the NGNP Project, DOE/NNSA is providing half of the 
funding for this program.  As a result, many of the intellectual property issues and QA pedigree 
issues that typically complicate international collaboration on nuclear construction projects 
should, in principle, be more tractable. 

Japan has had an active interest in HTGR technology for many years.  Presently, JAEA is 
conducting VHTR and nuclear hydrogen design and technology development.  JAEA also 
operates the 30-MWt prismatic-core HTTR.  The HTTR could generate unique data to support 
NGNP design and licensing, especially regarding Ag and Cs release and plateout and an overall 
tritium mass balance for the plant.  JAEA eventually plans to couple a SI-based hydrogen 
production plant to the HTTR using 10 MW of heat supplied from the HTTR IHX. 

Nuclear Fuel Industries, which manufactured the HTTR fuel, has the only fuel manufacturing 
facilities in the world capable of mass producing TRISO LEU UO2 fuel for the NGNP initial core 
in time for a 2018 startup. 

Toshiba Corporation is developing the HTE process for hydrogen production.  Toshiba and Fuji 
Electric, who designed the HTTR core, are both on the GA Team, and a Toshiba design for an 
HTE plant is described in Section 3.8.1 of this PCDSR.  There is great potential for collaboration 
between the U.S. and Japan on H2-MHR design and development, but there is no government-
to-government agreement for such collaboration in place at this writing. 

In 2004, the Republic of Korea (ROK) initiated a project to develop hydrogen production using 
the VHTR and the SI process.  VHTR design and technology development is being performed 
by KAERI and development of the SI process is being performed by the Korea Institute of 
Energy Research (KIER) and the Korea Institute of Science and Technology (KIST).  DOOSAN 
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Heavy Industries & Construction is also participating in the project, which is known as the 
Nuclear Hydrogen Production and Technology Development and Demonstration Project 
(NHDD). 

In August 2005, a Memorandum of Understanding was signed between GA and 
KAERI/DOOSAN, which included establishing Nuclear Hydrogen Joint Development Centers 
(NHJDC) in both San Diego, CA and Daejeon, ROK.  Current areas of collaboration include SI 
process development and modelling, VHTR core design and optimization, vessel cooling, fuel 
performance and fission product transport, tritium source terms and impacts on hydrogen 
production, fuel manufacturing, availability/reliability, seismic analyses, availability/reliability 
assessments, and investigation of Deep-Burn fuel cycles. 

The European Union sponsors a number of projects, the most significant of which is RAPHAEL, 
to promote MHR technology.  The RAPHAEL project will investigate the performance of fuel, 
materials, and components; reactor physics models; nuclear safety and waste disposal issues; 
and overall system integration.  In addition to these base programs for HTR development, 
AREVA and CEA are conducting R&D programs in support of the ANTARES design (prismatic 
core).  Much of this European workscope is directly relevant to the NGNP Project.  At present, 
there is no non-European participation in these programs.  The potential for collaboration 
between NGNP and RAPHAEL is unknown at this time. 

Of the European test facilities, the High Flux Reactor (HFR) in Petten, Netherlands is of 
particular interest.  This reactor was used extensively by the former German TRISO fuel 
development program.  Consequently, they have fully qualified multi-capsule test rigs available; 
however, their on-site capability for performing postirradiation examinations of coated-particle 
fuel is limited.  A U.S. in-pile fission product transport test was also irradiated in HFR Petten.  
Presumably, the HFR would be available to support the NGNP program on a contract basis. 

The PBMR Project has planned and is conducting a significant R&D program to support the 
design and licensing of their prototype module.  Many DDNs, especially those relating to fuel, 
fission products, graphite, and high-temperature metals, are generic.  Technically, there is great 
potential for collaboration between PBMR and NGNP.  The impediments to collaboration with 
PBMR appear to be commercial (e.g., intellectual property rights) and political rather than 
technical.  Once the NGNP conceptual design has been chosen, the prospects for collaboration 
should be revisited. 

7.2.5 Schedule and Cost 

Schedule and cost estimates in varying detail are included in the various NGNP and NHI TDPs 
referred to above, and they are summarized in the NGNP PMPP.  In general, it is not possible to 
evaluate these schedules and cost estimates with any confidence because the corresponding 
workscopes are not defined in sufficient detail to permit an independent estimate.  This 
circumstance is especially problematic with the NHI 10-yr R&D Plan for SI and HTE hydrogen 
process development. 

The exception is the AGR Plan wherein the workscope is well defined.  However, there are two 
significant problems with the AGR Plan.  First, the development schedule is not supportive of 
the NGNP design and licensing schedule required for a 2018 startup.  For example, the final 
design phase would need to be completed by the end of FY13, but the safety testing and the 
source term validation tasks are not scheduled for completion until FY19.  The AGR cost 
estimate appears reasonable for the defined workscope with one notable exception - the cost 
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estimate for constructing an in-pile RN transport loop in the ATR appears to be much too low.  
However, a more serious problem with the AGR Plan is missing workscope, which would 
substantially increase the total program costs; specifically, (1) qualification of NFI UO2 fuel for 
the initial core and early reloads, (2) development of large-scale fuel manufacturing technology 
and design and construction of an NGNP fuel fabrication facility, and (3) a test program to 
characterize RN transport in the VLPC. 

[PMPP 2006] estimates that the cost for NFI process development and fabrication of AGR-2a 
test fuel would be ~$6M and that the cost for irradiation, safety testing, and PIE for AGR-2a 
would be ~$11M.  The cost for an NGNP FFF is estimated to be of the order of $200M in 2007$ 
(see Section 7.3).  The cost for a test program to characterize RN transport in the VLPC cannot 
be estimated with any confidence at this time because the workscope and experimental 
approach have not been defined, but it would be not trivial, especially if performed in 
conjunction with an in-pile loop test program. 

7.3 Fuel Acquisition Strategy 

As discussed in Section 3.1.1.1, the reference fuel type for the GT-MHR is UCO.  Some 
proponents of the NGNP, including the ITRG, advocate the use of UO2 fuel for a prismatic-block 
MHR heat source because of its more extensive irradiation and safety testing data base and/or 
the belief that UO2 is considerably easier to manufacture, but GA believes that it is essential for 
deployment of commercial prismatic block MHRs that UCO fuel be demonstrated in the NGNP.  
However, it is unlikely that the AGR Fuel Program will be able to qualify UCO fuel in time to 
support the current NGNP option 2 strategy schedule, which calls for startup of the NGNP by 
2018.  Another problem for early startup of the NGNP is that there is currently no capability 
anywhere in the world to mass produce TRISO-coated UCO fuel and it is unlikely that such 
capability will arise in time to manufacture the first core fuel load for the NGNP by 2018.  
Furthermore, there is currently no fuel vendor in the U.S. that has the capability to make an 
initial core of coated-particle fuel of any type for a 600-MWt prismatic-block MHR within a time 
frame compatible with the option 2 timeline in the NGNP PPMP.  GA believes that NFI, which 
has produced the TRISO-coated UO2 fuel for the 30-MWt HTTR in Japan has the largest and 
most advanced capability to mass produce coated-particle fuel at this time. 

Given these realities, GA has formulated a fuel acquisition strategy for the NGNP based on 
obtaining TRISO-coated UO2 (having the extended burnup fuel particle design) for the first core 
fuel load (and possibly one or more reload segments) from NFI.  As discussed in Section 
3.1.1.2, this fuel would be limited to a U-235 enrichment of 10% and GA has performed core 
physics calculations to determine the feasibility of using 10% enriched UO2 fuel for the NGNP 
first core fuel load.  The results of the calculations showed two different reload strategies to be 
feasible with respect to power peaking and fast fluxes: (1) operate the initial cycle through 425 
EFPD with NFI made fuel and then reload the entire core with U.S. made fuel; and (2) operate 
the initial and first reload cycles to 300 EFPD with NFI made fuel and then reload half the core 
with U.S. made fuel.  If a U.S. source of UCO fuel is available soon after NGNP startup, NFI 
strategy (1) should be implemented.  Otherwise, NFI strategy (2) can be implemented 
continuously until U.S. made UCO fuel is available.  However, GA has not performed any 
thermal hydraulic calculations or fuel performance predictions to assess feasibility with respect 
to fuel temperatures and fuel performance. 

Also as discussed in Section 3.1.1.2, GA has evaluated NFI’s capability to fabricate coated-
particle fuel for the NGNP and has determined that there is a good probability that NFI could 
make the first core fuel load in accordance with expected NGNP fuel quality specifications in 



NGNP and Hydrogen Production Preconceptual Design Studies Report 911107/0 

 7-20

time to support startup of the NGNP by 2018.  However, the irradiation testing and accident 
conditions testing data base for the NFI extended burnup fuel is somewhat limited and the 
available data are insufficient to show that NFI fuel could meet the anticipated NGNP fuel 
performance requirements.  Consequently, GA considers it essential that a proof test of fuel 
from NFI’s NGNP fuel manufacturing line be irradiated and safety tested in the U.S. to acquire 
additional fuel performance data to support NGNP licensing.  Furthermore, GA considers it likely 
that the combination of Japanese and U.S. irradiation and safety testing data may be 
inadequate for licensing the NGNP and that a “license by test” approach with respect to the fuel 
may be necessary in the NGNP as discussed in Section 5.2.  Under this approach, the NGNP 
would be designed to include fission product activity monitoring of the primary circuit and fission 
product plateout probes to monitor the release of condensable fission products from the fuel, 
and operation of the NGNP might be limited to less than full power until sufficient data has been 
acquired to confirm acceptable fuel performance.  The NGNP Project should hold early 
discussions with the NRC to ascertain the possibilities with respect to completing fuel 
qualification by test in the NGNP. 

Although GA proposes to use UO2 fuel fabricated by NFI for the NGNP first core fuel load and 
possibly for one or more reload segments, GA views this only as an expedient to allow startup 
of the NGNP by 2018.  In order to meet the NGNP project objectives (see Section 1.2), the 
NGNP Project needs to develop a domestic supply of UCO coated-particle fuel (assuming that 
the NGNP is a prismatic block MHR). 

Both the ITRG [ITRG, 2004] and INL [PPMP, 2006] have recognized the risks associated with 
the AGR Fuel Program’s single path approach to fuel qualification.  [PPMP, 2006] calls for 
expansion of the program to include a dual path involving irradiation testing of UCO fuel 
fabricated in the U.S. by BWXT and UO2 fabricated by NFI.  The UCO fuel would be irradiated in 
irradiation test AGR-2 as originally planned, and a new irradiation test, AGR-2a, would be added 
to the program plan for irradiation testing of UO2 fuel fabricated by NFI.  Irradiated fuel from both 
irradiation tests would be subjected to heating tests to simulate accident conditions (i.e., safety 
tests).  The cost of adding the NFI UO2 path to the program was estimated to be about $17M.  
In the approach described in the PPMP, a down selection would be made based on the 
irradiation performance and safety test results from AGR-2 and AGR-2a, and only one of the 
two candidate fuels would be subjected to qualification testing in irradiation tests AGR-5 and 
AGR-621.

GA endorses the approach described in the NGNP PPMP to irradiate UCO fuel and NFI UO2

fuel in AGR-2 and AGR-2a.  However, consistent with GA’s view that demonstration of UCO fuel 
in the NGNP is essential for deployment of commercial MHR’s in the U.S., GA does not agree 
that a down selection for qualification testing in AGR-5 and AGR-6 should be made between 
UCO fuel and NFI UO2 fuel.  Rather, UCO fuel should be qualified in AGR-5 and AGR-6 as 
currently planned, and NFI UO2 fuel should be qualified for use in NGNP based on Japanese 
irradiation and safety test data, proof testing in AGR-2a, and fuel performance monitoring, as 
necessary, in the NGNP. 

Consistent with GA’s view that it is also essential for deployment of MHRs in the United States 
that the NGNP Project demonstrate the viability of economical mass production of coated-

21 The AGR Plan has not been updated to reflect the dual path approach described in the 
NGNP PPMP.  An INL-led team recently conducted a survey of potential fuel vendors in order to 
develop a fuel acquisition strategy for the NGNP, but the results of the study have not been 
released to the public.   
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particle fuel and develop a domestic source (or sources) of UCO fuel supply, GA recommends 
that an NGNP FFF be built in Idaho to supply the fuel for the NGNP.  The NGNP FFF should be 
designed for a full production capacity of 510 fuel elements per year.  The facility would be 
operated at full capacity for two years to produce the initial core and the production rate would 
then be reduced to 340 fuel elements per year, at which rate the facility would produce a reload 
segment every eighteen months.  To support the NGNP Project option 2 schedule, the NGNP 
FFF would have to be designed, built, licensed, and started up from 2008 through 2015, and 
used to fabricate the initial core fuel load in 2016 and 2017.  It is because such a schedule 
appears unrealistic (although not impossible) that GA proposes to obtain the fuel for the first 
core fuel load from NFI, thus allowing more time for the NGNP FFF to come on line. 

The NGNP FFF would serve as the pilot line for the first commercial fuel fabrication facility.  The 
510 fuel element/year process line that would be built and demonstrated in the NGNP FFF 
during production of the initial NGNP core fuel load would be the basic production module that 
would be replicated in the commercial fuel fabrication facility.  Thus, the NGNP would 
demonstrate the fuel fabrication technology needed for the commercial fuel supply business, 
thereby greatly reducing the costs and risk that would be associated with a first-of-a-kind facility. 
Table 7.3-1 provides the estimated capital costs for design, construction, and licensing of the 
NGNP FFF (in millions of 2007 dollars) based on the assumption that the NGNP FFF would be 
built using an existing facility on the INL site. 

Table 7.3-1 Cost Estimated Cost for NGNP FFF (2007$) 

Design process and equipment $35M 

Site & building improvements $11M 

Fabricate equipment  

- Equipment capital cost $83M 

- Support Labor $36M 

Install equipment $12M 

Process demo. and proof test fuel fabrication $14M 

Licensing $11M 

Total NGNP FFF Capital Cost $202M 

Figure 7.3-1 shows a potential schedule for NGNP fuel acquisition in accordance with the 
strategy outlined above.  This schedule assumes that NFI will make only the first core fuel load 
and that the fuel would be entirely replaced with UCO fuel at the beginning of 2022 following the 
NGNP commercial operation demonstration period. 

Based on NFI’s input that they would require five years to fabricate the fuel for the first core fuel 
load, funding of NFI to begin compact fabrication process development should begin no later 
than the beginning of 2008.  It is estimated that this activity would take approximately one year 
and that NFI would make proof test fuel compacts for irradiation testing in AGR-2a in the first 
half of 2009.  The AGR-2a irradiation would start at the beginning of 2010 and last until the 
middle of 2011, and post irradiation examination (PIE) and safety testing of irradiated fuel from 
AGR-2a fuel would be conducted from about the middle of 2012 to the end 2013.  The 
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necessary modifications to NFI’s fuel fabrication facility for NGNP fuel manufacturing would start 
near the end of 2011 following demonstration of acceptable fuel performance in AGR-2a (based 
on fission gas release measurements) and would be completed by the end of 2012.  NFI would 
manufacture the first core fuel load from 2013 through 2017.  As indicated in Section 3.1.1.2, it 
is assumed that NFI will ship the fuel compacts to the U.S. for loading into graphite fuel 
elements, which would presumable be done at the NGNP FFF during 2017.  Under this 
schedule, the initial core fuel elements should be ready for loading into the NGNP in early 2018. 

On a parallel path, the AGR Program would continue to perform UCO fuel process development 
at BWXT throughout 2007 and would fabricate the irradiation test fuel for AGR-2 during 2008 
(not shown in Figure 7.3-1).  Figure 7.3-1 shows the AGR-2 irradiation test starting at the 
beginning of 2009 and lasting about 3 year, but this irradiation could be shortened to 2.5 years 
to accommodate additional time to complete fuel process development and AGR-2 fuel 
fabrication at BWXT, if required.  The PIE and safety testing of irradiated fuel from AGR-2 would 
be conducted during 2012 and 2013.  Design of the NGNP FFF would begin following 
demonstration of acceptable performance of the UCO fuel in AGR-2 and satisfactory results 
from initial PIE and safety testing of the AGR-2 fuel.  The design activities would proceed in 
parallel with fuel qualification testing in irradiation tests AGR-5 and AGR-6.  Construction of the 
NGNP FFF would start in 2016 upon completion of the AGR-5 and AGR-6 irradiation tests.  
Thus, the prerequisites for the start of NGNP FFF construction are satisfactory irradiation 
performance in AGR-5 and AGR-6 and successful safety testing of fuel from AGR-1 and AGR-2. 

Construction of the NGNP FFF would last from 2016 through 2018, qualification of the NGNP 
fuel fabrication processes and proof test fuel fabrication would be completed in 2019, and the 
second core fuel load for the NGNP would be fabricated in 2020 and 2021.  Under this 
schedule, the second core fuel load would be fabricated in parallel with the proof test irradiation, 
which is somewhat of a risk.  However, GA believes that this risk would be acceptably small. 

An alternate, much more aggressive schedule for the NGNP FFF would be to start design in 
2008 and to design and construct the facility in parallel with fuel demonstration and qualification 
in AGR-2, AGR-5, and AGR-6 under the AGR Fuel Program22.  Under this schedule, the plant 
would be designed, constructed, and licensed from 2008 through 2012; started up, 
demonstrated, and used to make proof test fuel in 2013 and 2014.  Based on satisfactory, early 
on-line fission gas release results from the proof test irradiation, fabrication of the first core fuel 
load would begin in 2016 and be completed in 2017.  Although very aggressive and more risky 
than the alternate approach of obtaining the initial fuel for the NGNP from NFI, this approach 
would eliminate the substantial additional costs associated with the NFI approach. 

22 Much of the fuel manufacturing process is the same for UO2 PBR fuel and UCO (or UO2)
PMR fuel, so much of the plant could be designed before a final decision is made with respect 
to the NGNP reactor type.
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7.4 Initial Testing and Inspection Program 

A testing and inspection program is proposed to be carried out at the start of NGNP operations.  
The testing and inspection program, as currently envisioned, is expected to be performed over a 
period of approximately one year prior to startup and two years following startup.  The general 
objective of the testing, beyond qualification of the facility for power operation, is to effectively 
compress the operating time by inducing events that would not normally be expected to occur 
during a two year operating period, to support the following NGNP Project objectives: 

• Demonstrating the basis for commercialization of the nuclear system, the hydrogen 
production facility, and the power conversion concept.  Essential elements of this objective 
include:
- Demonstrating that the requisite reliability and capacity factor can be achieved over an 

extended period of operation. 
- Demonstrating normal O&M activities including activities required during major outages 

for equipment replacement or maintenance as well as O&M that might be required in the 
event of major equipment failures. 

• Establishing the basis for licensing the commercial version of 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. 

The proposed testing and inspections to be performed are divided into the following categories: 

Preoperational Tests – These tests address the capability of selected SSCs to meet 
performance requirements, to the extent they can be tested outside of full plant service 
conditions.  Successful completion of preoperational tests demonstrates that individual system 
performance is acceptable and the plant is ready for hot functional tests.  The preoperational 
tests and inspections to be performed will be specified in the SSC System Design Description 
(SDD) documents 

Baseline In-service Inspection – These are pre-operational tests of all the in-service-inspections 
(ISI) to be performed through out the plant’s lifetime.  These tests provide baseline data for 
comparison with future in-service inspection results. 

Hot Functional Tests – In these tests, the nuclear heat supply facility (the reactor primary 
system) will be operated at full power reactor gas inlet temperature, flow, and helium pressure 
with heat supplied by motoring the helium compressor and IHX circulator.  The tests will provide 
data on flow performance through out the primary system (pressures, temperatures, vibrations, 
etc) as well as functional testing of all monitoring instrumentation.  In addition, a first check on 
vessel heat and temperature management and operation of the RCCS will be provided. 

Fuel Loading – As fuel loading progresses, neutron flux monitoring results can be compared 
with predictions. 

Startup Tests – Startup testing includes pre-critical, low power, and power ascension testing.  
Following verification of the core physics design, power is increased in steps to full power 
operation.  Plant operating parameters will be verified to be within design limits, and response to 
load changes, transition of loads between the PCS and the hydrogen production plants and 
reactor trips will be demonstrated throughout the power ascension program. 
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Performance Tests – These tests will subject the plant to less frequent events expected to occur 
during normal operation including power PCS trip, loss of secondary system flow or pressure, 
etc.

Response to Accident Tests – These tests are intended to demonstrate the inherent response 
characteristics of the reactor module.  Four basic categories of events are proposed: (1) 
reactivity transients, (2) pressurized cool down, (3) water ingress, and (4) depressurized cool 
down.  These categories cover the performance of the key systems which provide safety and 
investment protection 

Post Test Inspections and Maintenance Demonstrations – Following the completion of the 
above testing at power operating conditions, a shutdown would be scheduled for performance of 
inspections and to demonstrate major maintenance operations.  Inspections would be 
performed of all the systems to ascertain any abnormal effects of the above tests. Major 
maintenance operations would be demonstrated such as refueling, reflector replacement, 
performance of remote ISI operations, and removal and replacement of major equipment items 
such as a TM rotor, IHX heat transfer element, major hydrogen production equipment and other 
plant items not designed for the life of the plant. 

The anticipated schedule for performing the testing program is shown in Figure 7.4-1.  The data 
and experience gained during the test program are expected to provide a firm basis for the 
certification and economics of subsequent commercial plants. 

Figure 7.4-1.  NGNP Initial Test and Inspection Program Schedule 
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Although preliminary planning indicates that the response to accident testing will comprise only 
a small fraction of the total testing interval, the tests are a major element of the total program.  
The tests to be performed have been developed based on a preliminary evaluation, and will be 
adjusted based on further evaluation of design and licensing issues as the project proceeds.  
The ability to demonstrate the response to low probability events in a full scale plant without 
damage which would preclude subsequent long term operation is a key feature of the modular 
helium-cooled reactor. Demonstrating this capability is a vital element in the successful 
development of a commercial plant which is economically competitive, and generally accepted 
by utility/users, the financial community, and general public. 
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ABSTRACT

Due to problems with the availability and the price of water, and the concerns relating to 
adverse environmental effects of wet cooling systems, the need for water conserving cooling 
systems has been increasing.  Presently, dry cooling accounts for over 30,000 MWe of capacity 
in more than 30 countries. 

The GT-MHR is specially suited for use of dry cooling due to 1) high efficiency, 2) high heat 
rejection temperatures and 3) relatively small effect on overall efficiency of ambient temperature 
change.

Preliminary evaluation shows that pure dry cooling is economical for GT-MHR for water cost of 

more than 0.8$/m
3

and power cost of 3.5 c/kWh.  A combination of dry and wet cooling can 
reduce large percentage of the water use without affecting the efficiency.  

1. INTRODUCTION TO GT-MHR TECHNOLOGY 

The Gas Turbine – Modular Helium Reactor (GT- MHR) is an advanced gas-cooled reactor 
currently under development in a joint United States – Russian Federation program to provide 
capacity for disposition of surplus weapons plutonium. The GT-MHR is designed to provide very 
high safety, high thermal efficiency and environmental advantages.  Fueled with uranium, the 
GT-MHR produces electricity at competitive generation costs. Because of these characteristics, 
the GT-MHR is a promising candidate for near term commercial deployment in the United 
States.

The GT-MHR module, Figure 1, couples a gas-cooled modular helium reactor (MHR), contained 
in one vessel, with a high efficiency Brayton cycle gas turbine (GT) energy conversion system 
contained in an adjacent vessel.  The reactor and power conversion vessels are interconnected 
with a short cross-vessel and are located in a below grade concrete silo. Key design 
characteristics of the gas-cooled MHR are the use of helium coolant, graphite moderator, and 
refractory coated particle fuel. The helium coolant is inert and remains single phase under all 
conditions; the graphite moderator has high strength and stability to high temperatures; and the 
refractory coated particle fuel retains fission products to high temperatures. 

For the closed Brayton cycle, the heat rejection occurs in precooler and the intercoolers (Figure 
5) with additional small amount of heat  rejected in devices such as gas cooler used to cools the 
generator.

The helium gas exiting from the turbine at 510°C exchanges energy with the helium exiting from 
the HP compressor.  This serves the dual purpose of increasing the helium inlet temperature to 
the reactor and reducing the inlet temperature to the LP compressor.  Since the work done by 
the compressor depends on the helium inlet temperature, a precooler is used to further reduce 
the helium inlet temperature to the LP compressor.  The work done by the compressors, and 
hence the overall efficiency is a strong function of the inlet temperature and hence it is critical to 
obtain as low a temperature as economically feasible.  An increase in temperature from 20 to 
30°C increases the work done by LP compressor from 133 MW to 138 MW and by HP 
compressor from 135 MW to 140 MW.
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Figure 1.  GT-MHR Module 

The intercooler serves the similar purpose of cooling the helium between stages.  At 20°C 
cooling water temperature the heat rejected in the precooler and the intercooler is 173 MW and 
132 MW, respectively.

Some additional heat is rejected in devices such as gas cooler, which cools the generator 
cavity.

2. DRY COOLING TOWERS 

The largest uses of water in the world are irrigation and power plants. The generation of 
electricity using Nuclear Technology in the U.S. currently employs only Light Water Reactors.  
Since most current power plants use wet cooling towers as heat sink, these reactors are limited 
by locations that are close to a water body due to large amount of water required by these 
systems for disposing the waste heat from their power conversion systems.  One option of 
deploying Nuclear Power Reactors in dry, arid climatic regions is by coupling them with Natural 
or Induced (henceforth referred to as forced) Draft Dry cooling systems for the disposal of waste 
heat.  However, the coolant exiting from a dry cooling tower leaves at a higher temperature 
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compared to wet cooling system.  This leads to a penalty on the reactor’s thermal efficiency, 
which in turn affects the electricity generation cost.   

Wet cooling towers cool the reactor coolant by evaporating part of the cooling water.  Although 
the latent heat of evaporation of water is quite large (2400 kJ/kg), each MWt rejected needs 
evaporation rate of about 5.5 gallons per minute (gpm) of water.  For a 1200 MWe plant with an 
efficiency of 33 % this turns out to be about 7 billion gallons of water in a year, enough for a 
household use for 500,000 people in US.  This is like evaporating a lake of 13 km2 in area and 2 
m deep, every year. In addition to using large amounts of water, wet cooling towers have other 
undesirable effects such as causing fog and pollution. 

There are alternatives to using wet cooling towers for heat rejection.  One is to use a large 
reservoir like a lake, river or ocean to discharge the warm water from the power plant and 
replace it with cold water from the reservoir.  The other option is to use a dry cooling tower 
discussed in this paper.  In a dry cooling tower the heat is rejected to atmospheric air.  There 
are a number of ways this could be done: 

1) Direct or indirect 

In a direct cooling tower the heat is rejected directly to atmospheric air [1-3].  For a Rankine 
cycle the air is forced over the condenser tubes as shown in Figure 2.  To use this method for 
GT-MHR, the helium from exit of recuperator and LP compressor (Figure 5) will have to be 
brought out of the power conversion unit (PCU) vessel and to be cooled by air.  This is neither 
practical nor safe.   

In the indirect cooling tower, an intermediate loop of water is added to transfer the heat from the 
power plant to the heat sink.  Thus in an indirect dry cooling tower for GT-MHR, cooling water 
used in intercooler and precooler will be cooled in the dry cooling tower requiring no change in 
the current flow loop configuration. 

2) Forced or Natural Draft  

The required flow rate of air could be obtained by fans in forced draft tower (Figure 3) or by 
natural circulation with a tall tower (Figure 4) to produce enough head.  The power required for 
the induced draft tower fans is large (~ 2 to 4 % of power rejected).  This must be evaluated 
against the large capital cost of the natural draft dry cooling towers.  The economics will depend 
on the cost of power and cost of construction. 
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Figure 2.  Direct Induced Draft Cooling for Rankine Cycle 

Figure 3.  Forced Draft Dry Cooling Tower 
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Figure 4.  Natural Draft Dry Cooling Tower 

3. DRY COOLING TOWERS FOR GT-MHR 

The objective of the current study is to evaluate the financial and performance based merits of 
using GT-MHR systems for electricity generation in locations with scarcity of water. 

The GT-MHR is especially suited for use of dry cooling tower due to a number of reasons.  GT-
MHR used the direct Brayton cycle to convert the heat energy of the HTGR to electrical energy 
(Figure 7) and has an efficiency of 47.5 % (which can be further increased by higher reactor 
outlet temperature, number of inter coolers and reheat cycles). This efficiency of GT-MHR 
power plant is 50 % higher than that of LWR and coal thermal power plants (Figure 6).  This 
results in lower heat rejection per MWe produced relative to other power plants as shown in 
Table 1. 

1.1.1.1

Water/air heat 
exchanger

Air In

Water in & 
out
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Table 1 

Efficiency % Rejection in MWth 
for 1200 MWe output 

power 

Heat Rejected/MWe 
Produced

LWR 33 2436 2 

GT-MHR  

(850  C turbine inlet 
temperature) 

47 1353 1.1 

In case of a GT-MHR, majority of the heat is rejected in the intercooler and the pre-cooler 
(Figure 5).  The temperature at which heat is rejected is higher than the corresponding 
temperature in Rankine cycle power plants where the heat is rejected at the steam condensing 
temperature, which is usually lower. 

Chlorination

System
Chemical Feed

System

HX

HX
Circulating

Water Pumps

Cooling Tower

Cooling Tower

Blow down System

Cooling Tower

Make Up

Water System

HX

MHR
GENERATOR

4900C (915 F)

7.07 MPa (1025 PSI)

8500C (1562 F)

7.0 MPa (1016 PSI)

5100C (950 F)

2.64 MPa (382 PSI)

RECUPERATOR

TURBINE

1250C (257 F)

2.59 MPa (376 PSI)

PRECOOLER

260C (79 F)

2.57 MPa (373 PSI)

INTERCOOLER

HIGH PRESSURE

COMPRESSOR

LOW PRESSURE

COMPRESSOR

FROM HEAT SINK

FROM HEAT SINK

Figure 5.  Power Conversion Unit With Wet Cooling Tower 

The heat rejection in GT-MHR occurs over a range of temperatures [4, 5].  This is ideal for 
compact heat exchangers used in dry cooling towers.  In the present GT-MHR design, helium 
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temperature at which the heat is rejected ranges from 50°C to 60°C, if the cooling water inlet 
temperature is 20°C as shown in Figure 6.   

The most important advantage of the GT-MHR lies in the fact that the effect of cooling water (or 
heat sink) temperature on loss in overall efficiency is smaller than other power producing 
methods.

200

300

400

500

600

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5

Entropy

Tc = 20
Tc = 30

Figure 6.  Effect of Cooling Water Temperature on Work Done and hence Efficiency of Rankine 
Cycle

Essentially, since the Rankine cycle works between considerably smaller temperature 
differences (300°C) compared to GT-MHR Brayton cycle (800°C), the loss of efficiency is 
considerably more (2.5%) for LWRs than for the GT-MHR (1.5%) per 10°C increase in cooling 
water temperature.  This is shown in the T-S diagrams in Figures 6 and 7. 
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Figure 7.  Effect of Cooling Water Temperature on Work Done and hence Efficiency of Brayton 
Cycle
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Figure 8.  Effect of Cooling Water Temperature on Efficiency of Power Plants 

For the GT-MHR cycle shown in Figure 7, the return temperatures were also calculated and are 
shown in Figure 9. 
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Figure 9.  Effect of Cooling Water Temperature of Return Water Temperatures for GT-MHR 

This is very important because use of dry cooling tower will most likely increase the temperature 
of the cooling water because the DBT & WBT etc. 

THERMODYNAMICS  

This paper discusses a comparative study of the following cooling tower designs and their 
impact on performance and economics of power generation by GT-MHR 

a. Forced convection wet cooling (Reference GT-MHR Heat Rejection System Design6)
b. Forced Convection Dry Cooling,  
c. Natural Convection Dry Cooling,  

4.1 Design of Dry Cooling Towers: 

The size and the power requirements of the dry cooling tower depend on the following 
parameters:

1) Temperature of the water to be cooled 
2) Cooling load 
3) Ambient air temperature 
4) Forced draft or natural draft 
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Figure 10.  Effect of Coolant Temperature on Cooling Tower Parameters and Efficiency 

We have developed a program to calculate the height of the tower (for natural draft cooling 
tower) or the pumping power (for forced draft cooling tower).  The assumptions involved are: 

1) Ambient temperature is 30°C 
2) The cooling load is 315 MWt (For one module of GT-MHR) 
3) Terminal Temperature diff between air and water is 10°C. 
4) The heat exchanger consists of 1 inch ID tubes arranged at a pitch of 2 inch 
5) The flow velocity through the HX is 3 m/s 

The calculation procedure is as follows: 

1) For a defined water inlet temperature to the DCT, determine air exit and water exit 
temperatures.

2) Calculate airflow rate required. 
3) Determine overall heat transfer coefficient in the HX. 
4) Calculate HX area from LMTD. 
5) Select HX height and number of rows of tubes. 
6) Determine diameter of HX. 
7) Calculate pressure drop. 
8) Determine height of the DCT to cause the required flow. 
9) Calculate the pumping power if flow is caused by the fans. 

Reference GT-MHR Heat Rejection System Design 

The reference GT-MHR design uses Forced Convection Wet Cooling Towers for disposal of 
waste heat from the Power Conversion Unit (PCU).  Each MHR unit requires a separate 
Circulating Water System (CWS) for cooling.  
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The CWS utilizing mechanical draft wet cooling for a 4-module GT-MHR plant consists of the 
following components. 

1. 4 Mechanical Draft Wet Evaporative Cooling Tower 
a. Each cooling tower contains:   

i. 9 Cells (= 9 fans)  
ii. 1 Cooling Tower Basin 
iii. 1 Support System 

2. 4 x 2 half capacity (50%) Circulating Water Pumps (CWP) 
3. 4 x 2 full capacity (100%) Make up Water Pumps (MWP) 

a. 4 Water Bay 
4. 4 Traveling Water Screens (TWS) 
5. 4 Cooling Tower Blow Down System (CTBDS) 
6. 4 Chlorination System 
7. 4 Chemical Feed System 
8. Piping and Valves 
9. 1 Raw Water Source (RWS) 

The building structures associated with the CWS system include the following. 

1. 4 Circulating Water Pump House  
2. 4 Makeup Water Pump House 
3. 1 Discharge Structure 
4. 4 Auxiliary Building 

Function of the CWS Components 

1. Mechanical Draft Wet Evaporative Cooling Tower:  The cooling tower transfers heat from 
the circulating water, flowing on the tube side of the Power Conversion Circulating Water 
System (PCCWS) heat exchanger to the atmosphere.

2. CWP:  50% CWPs serve to circulate water in the circulating water system, thereby 
transferring heat from the PCCWS heat exchanger  - Pre-cooler and Intercooler, to the 
atmosphere via the cooling tower.

3. MWP:  100% MWPs draw water from the raw water supply and deliver it to the cooling 
tower basin to replenish water lost from the circulating water system due to evaporation 
and drift in the cooling tower.  The makeup water system also serves to maintain 
circulating water chemistry. 

4. TWS:  The traveling water screens strain raw water being drawn by the cooling tower 
makeup pumps and automatically transport strained debris to a collection facility. 

5. CTBDS:  The cooling tower blow down system discharges excess water from the cooling 
tower and conveys it to the receiving water body.  The cooling tower blow down system 
functions in concert with the cooling tower makeup water system to maintain the 
concentration of impurities in the circulating water at or below preset limits.   
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6. Chlorination System:  The chlorination system automatically injects sodium hypochlorite 
(NaOCl) into the circulating water system at a preset schedule and dose rate to provide 
bio-fouling control primarily to minimize PCCWS heat exchanger tube fouling, as well as 
fouling of the balance of the circulating water piping and cooling tower.   

7. Chemical Feed System:  The chemical feed system automatically injects acid into the 
circulating water to maintain the pH of the circulating water within preset limits.   

8. Piping and Valve:  The circulating water piping serves to connect the fluid components of 
the circulating water system and convey water from the cooling tower to the PCCWS 
heat exchanger and return heated circulating water to the cooling tower.  Cross-
connecting supply and return headers provide the capability to direct heated water from 
one unit to another unit’s cooling tower, and return cooled water from another unit’s 
cooling tower to the unit. 

The main circulating water motor-operated butterfly valves provide isolation for 
circulating water pumps, the PCCWS heat exchangers, and unit cross-connect headers. 

Cooling tower makeup lines serve to convey cooling tower makeup water from the raw 
water source to the cooling towers.  Cooling tower blow down lines serve to convey 
excess water from the cooling tower basins to the receiving water body. 

Function of the CWS Building Structures 

1. CWPH:  Each CWPH houses the two 50% CWPs 
2. MWPH:  Each MWPH houses the two 100% MWPs 
3. Discharge Structure:  The discharge structure facilitates the disposal of the warm water 

from the cooling tower as well as of the impurities in water drawn from the Raw Water 
Source.

4. Auxiliary Building:  The auxiliary building?   

Operating power requirements for components of CWS system: 

Cooling tower fan:  186 KW 
Circulating water pump: 645 KW 
Make up water pumps: 134 KW 
Traveling water screen:  30 KW 
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4.3 Natural Draft Dry Cooling Heat Rejection System for GT-MHR 

The Figure 11 shows a sketch of dry cooling tower for a 600 MWt GT-MHR system 

Figure 11.  Dimensional sketch of a Natural Draft Dry Cooling Tower for 600 MWth GT-MHR

As shown in Figure 11, the dimensions of a dry cooling tower for one module of 600 MWth are 
as follows: 

D1 = 80 m 
D2 = 40 m 
H2 = 12 m 

The components involved with a Natural (or forced) draft dry cooling system used for disposal of 
waste heat from a 4-Module GT-MHR plant are as follows. 

1. 4 Natural (or forced) draft hyperbolic cooling towers 
a. Each tower will contain:  2 Intermediate Heat Exchangers - IHX (fin type) 
b. 1 Support system 

2. 4 x 2 half capacity circulating water pumps 
3. 4 Chlorination System 

 SPX systems has built six indirect dry cooling towers, each one being 165 m tall and 165 m in diameter, 
in Kendal, South Africa for a 6 X 686 MW power station 
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4. 4 Chemical Feed System 
5. Piping and Valves 

The building structures associated with the Dry Cooling system include the following 

1. 4 Circulating Water Pump House  
2. 4 Auxiliary Building 

Function of dry cooling tower components: 

1. IHX:  Intermediate Heat Exchangers are fin type heat exchangers that reject the heat 
from the warm water coming from the Inter Cooler and Pre Cooler to the environment 
through the air as the cooling medium. 

All other components and structures of dry cooling towers serve the same functions as those of 
the wet cooling tower system. 

Operating power requirements for components of dry cooling system: 

Cooling tower fan: 5 MWe (for 600 MWth MHR) (Refer Figure 10) 
Circulating water pump: 645 KW 

9 ECONOMICS 

The economics of using the DCTs can be viewed in two ways.  First, is based on cost of 
electricity.  The cost associated with the heat rejection system of a power plant is very small 
compared to the overall cost of the plant.  In case of GT-MHR this is estimated to be about 4 %.  
Hence, the impact of using a dry cooling tower vs. a wet cooling tower is expected to be 3 or 4 
%.

Direct comparison of the cost of cooling depends upon the cost of electricity as well as the cost 
of water.  Such a comparison for the GT-MHR is shown in Figure 12.  Thus, for a busbar 
electricity generation cost of $30/MWhe, water cost has to be more than $1.3/m3 for DCT to be 
beneficial.  The present cost of water in San Diego is $0.60/m3 and in SA it is $1.20/ m3.
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Figure 12.  Cost Benefit Analysis for DCT for GT-MHR 

5.1 Water Consumed in GT-MHR and in LWR 

Based on the evaporation rate of 5.5 Gal/Min per MWt heat disposed, the quantity of water 
consumed per annum in the heat rejection system of a 1200 MWe plant with 33% efficiency is 
about 7 Billion Gallons.  For a GT-MHR with an output capacity of 1145 MWe and 47% 
efficiency, the annual water consumption is approximately 3.6 Billion Gallons.  The use of dry 
cooling system using the GT-MHR will contribute to an annual saving of $24 Million compared to 
an LWR plant of equivalent capacity and $12 Million compared to a GT-MHR plant utilizing wet 
cooling technology. 

5.2 Cost Comparison of Dry Cooling Towers and Wet Cooling Towers 

The only need for makeup water in a dry cooling system is to compensate for any water losses 
in the closed loop between the PCCWS and the IHX.  A 600 MWt 4-Module GT-MHR power 
plant utilizing wet cooling tower systems will consume approximately 14 Million cubic meters of 
water annually.  The same reactor system if coupled with a dry cooling system would consume 
negligible amount of water.  The cost of water in arid climatic regions lacking an easily 
accessible source of raw water is typically $0.9/Cubic Meter.  This results in an annual saving of 
about $12 Million in the operating cost of the power complex by substituting wet cooling systems 
with dry cooling systems.
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The significantly small volume of makeup water required in dry cooling system also reduces the 
capital cost associated with the Heat Rejection System by 75%   

In addition the maintenance cost of dry cooling towers is significantly lower than the wet cooling 
towers due to infrequent replacements of cooling tower fills ($0.5 Million/year for wet towers) 
and no accumulation of debris and deposits from foul water in the cooling tower internals. 

The house power load of wet cooling tower fans is about 6.7 MWe for an 1145 MWe Plant.  
Detailed cost analysis of the reference GT-MHR design (Wet Cooling Heat Rejection System) 
show that the bus bar cost of electricity generation is approximately $29.35/MWhe.  Based on 
this generation cost value, the cost of a house power load due to cooling tower fans is 
$0.17/MWhe ($1.5 Million/year).  If a dry cooling tower with forced convection is used, then the 
capital cost of cooling towers goes down to approximately the same as that of wet cooling tower 
but the overall busbar generation cost is affected by the increase in the house power load due 
to the cooling fans.  Figure 10 shows that for a 600 MWt Plant, the pumping power to cool air 
using fans instead of building a tall tower, is 5 MWe.  Therefore, for a four-module plant, the 
pumping power would be approximately 20 MWe and the resultant generation cost of electricity 
is about $30.15/MWhe. 

Table 2.  Performance Parameters of GT-MHR for various Cooling Systems 

Parameter Wet Cooling Tower Dry Cooling Tower 

 Forced *Forced Natural 

Installed Capacity (MWth) 4 x 600 4 x 600 4 x 600 

Gross Efficiency 47.7% 44.5% 44.5% 

Net Efficiency 47.7% 43.7% 44.5% 

Reactor Output (MWe) 1145 1048 1068 

MWth Rejected 1255 1255 1255 

*Fan Power (MWe) 4 x 1.7 4 x 5 0 
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Table 3.  Economic Parameters of GT-MHR for various Cooling Systems  

Parameter Wet Cooling Tower Dry Cooling Tower 

 Forced *Forced Natural 

Discount Rate 5% 5% 5% 

Depreciation period (yrs) 15 15 15 

Cooling tower life time (yrs) 30 60 60 

 Total Capital Cost (B$) 1.69 1.65 1.68 

Overnight Cost ($/KWe) 1479 1576 1573 

Levelized Capital Cost ($/MWhe) 

Including Financing 

10.25 10.92 10.91 

O&M Cost ($/MWhe) 

Excluding Cost of Make up Water 

4.24 4.64 4.55 

Cost of Make up water ($/MWhe) 1.42 0 0 

Fuel Cycle Cost ($/MWhe) 13.38 14.52 14.27 

Decommissioning Cost ($/MWhe) 0.06 0.07 0.06 

Busbar Gen. Cost ($/MWhe) 29.35 30.15 29.79 

Cost of Water (M$/Year) 

Based on price of water: $0.9/m
3

12.4 0 0 

10 CONCLUSION 

Dry cooling towers will save enormous amount of water.  However, use of DCT will result in loss 
of efficiency and additional capital expenses or use of electricity to power the fans. 

The net increase in cost of electricity is less than 3% under worst scenario. 

The economics will depend of cost of water. 
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Activity

ID

Activity

Description

r

u

e

u

% Early

Start

Early

Finish

01  Programmatic
C.Q.10.1.01  Program Management

NL01-00010 INL Issue EOI for NGNP Conceptual Design 02APR07 27APR07

NL01-00050 CD-0, Approve Mission Need 27APR07

NL01-00020 INL Issue RFP for NGNP Conceptual Design 30APR07 18MAY07

NL01-00030 Bid Period - NGNP Conceptual Design 21MAY07 14AUG07

NL01-00040 INL Review Bids & Award NGNP Conceptual Design 15AUG07 26SEP07

NL01-00060 CD-1, Approve Preliminary Baseline Range 30OCT08

NL01-00110 Performance Baseline External Independent Review 09AUG10 04OCT10

NL01-00070 CD-2, Approve Performance Baseline 04OCT10

NL01-00130 Partial Execution Readiness Independent Review 31AUG11 23NOV11

NL01-00080 CD-2/3, Partial Critical Decision for Long Lead 23NOV11

NL01-00120 Execution Readiness Independent Review 20SEP12 13DEC12

NL01-00140 Update Project Exec Plan & Performance Baseline 20SEP12 13DEC12

NL01-00150 Verify Mission Need 20SEP12 13DEC12

NL01-00090 CD-3, Approve Start of Construction 13DEC12

WG52-00490 Load 1st Core Fuel 05OCT17

WG42-00220 NRC Issue Operating License - Construction Cpt 26DEC17

NL01-00160 Operational Readiness Review/Acceptance Report 21SEP18 14DEC18

NL01-00170 Project Transition To Operations Report 21SEP18 14DEC18

NL01-00100 CD-4, Approve Start of Operations 14DEC18

WG74-00020 Commercial Demo Plus Inspections Complete 08JUL21

02  Reactor Project
+ C.Q.10.2.32.BOP  Overall Site & BOP - Conceptual Design

27SEP07 23JUL08

+ C.Q.10.2.32.NHS  Nuclear Heat Supply Facility-Conceptual Design

02APR07 30OCT08

+ C.Q.10.2.32.PCF  Power Conversion Plant - Conceptual Design

27SEP07 18SEP08

+ C.Q.10.2.32.PHD  Process Heat Distrib Fac - Conceptual Design

27SEP07 04SEP08

+ C.Q.10.2.32.PM2  Project Management - Conceptual Design

27SEP07 30OCT08

+ C.Q.10.2.33.BOP  Overall Site & BOP - Prelim Design

31OCT08 06AUG10

+ C.Q.10.2.33.NHS  Nuclear Heat Supply Facility - Prelim Design

31OCT08 30NOV10

+ C.Q.10.2.33.PCF  Power Conversion Plant - Prelim Design

31OCT08 06AUG10

+ C.Q.10.2.33.PHD  Process Heat Distrib Fac - Prelim Design

31OCT08 06AUG10

+ C.Q.10.2.33.PM2  Project Management - Prelim Design

31OCT08 06AUG10

+ C.Q.10.2.34.BOP  Overall Site & BOP - Final Design

09AUG10 13DEC12

+ C.Q.10.2.34.NHS  Nuclear Heat Supply Facility - Final Design

09AUG10 06DEC13

+ C.Q.10.2.34.PCF  Power Conversion Plant - Final Design

05OCT10 11FEB13

+ C.Q.10.2.34.PHD  Process Heat Distrib Fac - Final Design

05OCT10 27APR12

+ C.Q.10.2.34.PM2  Project Management - Final Design

05OCT10 06MAY13

+ C.Q.10.2.35  Mockup Testing

06FEB12 08APR13

C.Q.10.2.38.NHS  Nuclear Heat Supply Facility - Long Lead

WG52-00350 Order, Fab & Deliver Reactor Module 25NOV11 17NOV14

WG52-00036 Order, Fab & Deliver Long Lead Procurements 25NOV11 15AUG13

WG52-00520 Order, Fab & Deliver Turbine Machinery 09NOV12 19MAR15

WG52-00510 Order, Fab & Deliver IHX 24DEC12 30APR15

WG52-00790 Initial Fuel Cost 23DEC16 05OCT17

+ C.Q.10.2.38.PM2  Project Management - Long Lead

26JUN12 04AUG14

+ C.Q.10.3.52.BOP  Overall Site & BOP - Construction

14DEC12 25JUL18

+ C.Q.10.3.52.NHS  Nuclear Heat Supply Facility - Construction

27SEP13 30APR18

C.Q.10.4.73.NHS  Nuclear Heat Supply Facility - Commiss & Startup

WG73-00010 Facility Acceptance Testing & Startup 16JAN17 18OCT18

C.Q.10.4.74.NHS  Nuclear Heat Supply Facility - Operate Plant

WG74-00010 Shakedown Ops & Commercial Demo (Plus Inspect) 17DEC18 08JUL21

03  Licensing and Regulatory
C.Q.10.2.41.ER2  NRC Environmental Report

1  Federal

WG41-00140 NRC Environmental Rpt - Prep & Submit Applic 27SEP07 11SEP09

WG41-00150 NRC Environmental Rpt - CP Stage Review 14SEP09 24SEP10

WG41-00160 NRC Environmental Rpt - NRC Issue Approval DEIS 27SEP10 26OCT10

WG41-00200 NRC Environmental Rpt - NRC CP Stage FEIS 31MAY11 29JUN11

WG41-00230 NRC Environmental Rpt - Revise & Submit OL Stage 30JUN11 17JAN14

WG41-00240 NRC Environmental Rpt - OL Stage Review 20JAN14 17MAY17

WG41-00250 NRC Environmental Rpt - NRC Issue OL Stage FEIS 18MAY17 19JUN17

C.Q.10.2.41.LP1  Licensing Strategy

NL41-00010 INL Licensing Strategy 02APR07 11APR08

NL41-00020 INL Pre-Licensing Discussions 14APR08 26DEC08

WG41-00010 Preapplication Review - NRC 29DEC08 02JUL09

C.Q.10.2.41.LP2  Construction Permit (CP Stage)

1  Federal

WG41-00110 NRC Construction Permit - Prep & Submit Applic 06JUL09 16JUL10

WG41-00120 NRC Construction Permit - NRC Review 27OCT10 15MAY12

WG41-00130 NRC Construction Permit - NRC Approve & Issue 16MAY12 15JUN12

+ C.Q.10.2.41.LP4  State/EPA Construction Permits

27SEP07 15MAY09

C.Q.10.2.41.PS1  Preliminary Safety Analysis Report (PSAR)

1  Federal

WG41-00050 PSAR - Prepare & Submit 21AUG08 06AUG10

WG41-00060 PSAR - NRC Review / PSAR Docketed 09AUG10 10MAR11

WG41-00210 PSAR - NRC Review 09AUG10 22AUG11

WG41-00220 PSAR - NRC Issue LWA 10MAR11

WG41-00070 PSAR - NRC Hearings 23AUG11 23NOV11

WG41-00300 PSAR - Approve & Issue 22DEC11

C.Q.10.3.42.LP5  Operating License Application (OL Stage)

1  Federal

WG42-00190 NRC Operating License - Prep & Submit Applic 03OCT13 28OCT15

WG42-00200 NRC Operating License - NRC Review 29OCT15 22NOV17

WG42-00210 NRC Operating License - NRC Approve & Issue 24NOV17 26DEC17

+ C.Q.10.3.42.LP7  State/EPA Nuclear Plant Operation L&P

27SEP07 15MAY09

+ C.Q.10.4.43.PS2  Final Safet Analysis Report (FSAR) Revision

18JUN12 29AUG17

04  Research and Development
C.Q.10.2.22  R&D to Support Design

GA22-00140 Lab Scale UCO TRISO Fuel Irrad Test Cpt 20JUL09*

GA22-00110 Metallic Materials ASME/ASTM Codified 01JUL10*

GA22-00030 Fuel Technology Confirmed to Support PSAR 06AUG10

GA22-00040 Graphite & Composite ASME/ASTM Codified 01JUN11*

GA22-00120 AFR-3&4 /AGR-2 Source Term Irrad Complete 01SEP11*

GA22-00020 Power Conversion Procurement Spec Finalized 02JUL12*

GA22-00150 Fission Product Source Term Qual (UCO Fuel) 01SEP20*

+ C.Q.10.2.22.HPF  Hydrogen Production Facility - R&D

02APR07 03JAN17

+ C.Q.10.2.22.NHS  Nuclear Heat Supply Facility - R&D

02APR07 01JUL21

+ C.Q.10.2.22.PCF  Power Conversion Plant - R&D

02APR07 31DEC13

+ C.Q.10.2.22.PHD  Process Heat Distribution Facility - R&D

02JAN08 31DEC13

+ C.Q.10.2.22.PM2  Project Management - R&D

02APR07 01JUL21

+ C.Q.10.4.26  R&D for Initial Operations

02APR14 01JUN16

05  Nuclear Hydrogen for NGNP
C.Q.10.1.01  Program Management

TS01-00060 CD-0, Approve Mission Need 01NOV10

TS01-00070 CD-1, Approve Alternative Selection & Cost Range 01NOV11

TS01-00080 CD-2, Approve Performance Baseline 28JAN13

TS01-00090 CD-3, Approve Start of Construction 21NOV14

C.Q.10.1.02  Project Development

TS01-00010 Complete Hydrogen Process Development 31OCT07*

TS01-00020 Complete Hydrogen Pilot Plant Design/Construct 01NOV10*

TS01-00100 Pilot Plant Operation 02NOV10 20DEC13

TS01-00030 Complete NGNP Demo Plant Conceptual Design 31OCT11*

TS01-00040 Complete NGNP Demo Plant Preliminary Design 31JAN13*

TS01-00050 Complete NGNP Demo Plant Final Design 31OCT14*

+ C.Q.10.2.22.HPF  Hydrogen Production Facility - R&D

02APR07 31MAR17

+ C.Q.10.2.32.HPF  Hydrogen Production Facility - Conceptual Design

27SEP07 01NOV11

+ C.Q.10.2.33.HPF  Hydrogen Production Facility - Prelim Design

02NOV11 28JAN13

+ C.Q.10.2.34.HPF  Hydrogen Production Facility - Final Design

29JAN13 31OCT14

+ C.Q.10.2.36.HPF  Hydrogen Production Fac - Acquisition Strategy

03NOV14 03MAR17

+ C.Q.10.2.38.HPF  Hydrogen Production Facility - Long Lead

29AUG14 28APR17

+ C.Q.10.2.38.PM2  Project Management - Long Lead

03JUL14 24OCT14

+ C.Q.10.3.52.HPF  Hydrogen Production Facility - Construction

24NOV14 15NOV17

+ C.Q.10.4.73.HPF  Hydrogen Production Facility - Commiss & Startup

23AUG17 14DEC18

+ C.Q.10.4.74.HPF  Hydrogen Production Facility - Operate Plant

13MAR19 17FEB21

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2

INL Issue EOI for NGNP Conceptual Design

CD-0, Approve Mission Need

INL Issue RFP for NGNP Conceptual Design

Bid Period - NGNP Conceptual Design

INL Review Bids & Award NGNP Conceptual Design

CD-1, Approve Preliminary Baseline Range

Performance Baseline External Independent Review

CD-2, Approve Performance Baseline

Partial Execution Readiness Independent Review

CD-2/3, Partial Critical Decision for Long Lead

Execution Readiness Independent Review

Update Project Exec Plan & Performance Baseline

Verify Mission Need

CD-3, Approve Start of Construction

Load 1st Core Fuel

NRC Issue Operating License - Construction Cpt

Operational Readiness Review/Acceptance Report

Project Transition To Operations Report

CD-4, Approve Start of Operations

Commercial Demo Plus Inspections Complete

Order, Fab & Deliver Reactor Module

Order, Fab & Deliver Long Lead Procurements

Order, Fab & Deliver Turbine Machinery

Order, Fab & Deliver IHX

Initial Fuel Cost

Facility Acceptance Testing & Startup

Shakedown Ops & Commercial Demo (Plus Inspect)

NRC Environmental Rpt - Prep & Submit Applic

NRC Environmental Rpt - CP Stage Review

NRC Environmental Rpt - NRC Issue Approval DEIS

NRC Environmental Rpt - NRC CP Stage FEIS

NRC Environmental Rpt - Revise & Submit OL Stage

NRC Environmental Rpt - OL Stage Review

NRC Environmental Rpt - NRC Issue OL Stage FEIS

INL Licensing Strategy

INL Pre-Licensing Discussions

Preapplication Review - NRC

NRC Construction Permit - Prep & Submit Applic

NRC Construction Permit - NRC Review

NRC Construction Permit - NRC Approve & Issue

PSAR - Prepare & Submit

PSAR - NRC Review / PSAR Docketed

PSAR - NRC Review

PSAR - NRC Issue LWA

PSAR - NRC Hearings

PSAR - Approve & Issue

NRC Operating License - Prep & Submit Applic

NRC Operating License - NRC Review

NRC Operating License - NRC Approve & Issue

Lab Scale UCO TRISO Fuel Irrad Test Cpt

Metallic Materials ASME/ASTM Codified

Fuel Technology Confirmed to Support PSAR

Graphite & Composite ASME/ASTM Codified

AFR-3&4 /AGR-2 Source Term Irrad Complete

Power Conversion Procurement Spec Finalized

Fission Product Source Term Qual (UCO Fuel)

CD-0, Approve Mission Need

CD-1, Approve Alternative Selection & Cost Range

CD-2, Approve Performance Baseline

CD-3, Approve Start of Construction

Complete Hydrogen Process Development

Complete Hydrogen Pilot Plant Design/Construct

Pilot Plant Operation

Complete NGNP Demo Plant Conceptual Design

Complete NGNP Demo Plant Preliminary Design

Complete NGNP Demo Plant Final Design

© Primavera Systems, Inc.

Start Date 01JAN07

Finish Date 08JUL21

Data Date 01APR07

Run Date 03JUL07 14:47

Early Bar

Progress Bar

Critical Activity

NGN5

INL

Next Generation Nuclear Plant

Summary Level

Integrated Project Schedule (Conceptual)

Sheet 1 of 1

Date Revision Checked Approved

14MAY07 Final Draft for 5/16 Review Meeting at GA

07JUN07 Issued for 90% Design Review

03JUL07 Revised issue Post 90% Design Review
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INL PRIMAVERA PROJECT PLANNER NGNP CONCEPTUAL SCHEDULE 

REPORT DATE 27JUN07 RUN NO.  689 Cost Control - Detailed by Activity START DATE 01JAN07 FIN DATE 
08JUL21

11:07
Cost Control - Detailed By Activity DATA DATE  01APR07 PAGE NO.  
 1

COST BUDGET BUDGET
ACCOUNT COST QUANTITY

ACTIVITY ID RESOURCE (DOLLARS) (HOURS)

10 - Preconstruction Cost

WG41-00310  MHR-I 10 L 117360000 671840
MHR-I 10 M 490200 0

117850200 671840

211.1 - Nuclear Island Yardwork

WG52-00020  MHR-D 211.1 L 2124765 51540
MHR-D 211.1 M 756966 0
MHR-D 211.1 E 0 0

2881731 51540

211.2 - Balance of Plant Yardwork

WG52-00080  MHR-D 211.2 L 605120 15615
MHR-D 211.2 M 624240 0

1229360 15615

212.1 - Reactor Bldg 165x120

WG52-00070  MHR-D 212.1 L 48949872 1118934
MHR-D 212.1 M 21424705 0
MHR-D 212.1 E 2788836 0

73163413 1118934

212.2 - Maintenance Enclosure 75x134

WG52-00730  MHR-D 212.2 L 2722248 62226
MHR-D 212.2 M 1357924 0
MHR-D 212.2 E 2247938 0

6328110 62226

212.3 - Reactor Service Building 160x160

WG52-00620  MHR-D 212.3 L 4871701 110913
MHR-D 212.3 M 2108064 0
MHR-D 212.3 E 1611840 0

8591605 110913

212.4 - Personnel Services Bldg 160x160

WG52-00630  MHR-D 212.4 L 1404701 31104
MHR-D 212.4 M 568737 0
MHR-D 212.4 E 82688 0

2056126 31104

212.5 - Radwaste Management Bldg 60x50

WG52-00640  MHR-D 212.5 L 650858 14795
MHR-D 212.5 M 186384 0
MHR-D 212.5 E 33464 0

870706 14795

213.1 - Standby Power Building 75x65

WG52-00670  MHR-D 213.1 L 496817 11315
MHR-D 213.1 M 301087 0
MHR-D 213.1 E 77850 0

875754 11315

213.2 - Makeup Wate & Aux Power Bldg 165x100

WG52-00680  MHR-D 213.2 L 303725 6791
MHR-D 213.2 M 142324 0
MHR-D 213.2 E 44400 0



INL PRIMAVERA PROJECT PLANNER NGNP CONCEPTUAL SCHEDULE 
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213.2 - Makeup Wate & Aux Power Bldg 165x100

490449 6791

213.3 - Turbomachine Maintenance Bldg 138x66

WG52-00690  MHR-D 213.3 L 533733 12097
MHR-D 213.3 M 260580 0
MHR-D 213.3 E 61500 0

855813 12097

214 - Operation Center 160x160

WG52-00650  MHR-D 214 L 1427227 32331
MHR-D 214 M 665647 0
MHR-D 214 E 356200 0

2449074 32331

214.1 - HE Pipe Protective Enclosure

WG52-00720  MHR-D 214.1 L 163798 3520
MHR-D 214.1 M 171328 0

335126 3520

215 - Remote Shutdown Bldg 29x22

WG52-00100  MHR-D 215 L 530656 11980
MHR-D 215 M 227788 0
MHR-D 215 E 0 0

758444 11980

216.1 - Fire Protection Facility 40x28

WG52-00140  MHR-D 216.1 L 313392 7428
MHR-D 216.1 M 70102 0
MHR-D 216.1 E 376289 0

759783 7428

216.2 - Helium Storage Bldg

WG52-00450  MHR-D 216.2 L 288891 6499
MHR-D 216.2 M 177488 0
MHR-D 216.2 E 0 0

466379 6499

216.3 - Nuclear Island Warehouse 100x115

WG52-00160  MHR-D 216.3 L 518651 11911
MHR-D 216.3 M 451236 0
MHR-D 216.3 E 0 0

969887 11911

216.4 - Guard House 50x50

WG52-00140  MHR-D 216.4 L 36766 832
MHR-D 216.4 M 34972 0
MHR-D 216.4 E 0 0

71738 832

216.5 - Switchyard Area

WG52-00700  MHR-D 216.5 L 225958 4834
MHR-D 216.5 M 25190 0
MHR-D 216.5 E 1800000 0

2051148 4834
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216.51 - Water Treatment 50x35

WG52-00140  MHR-D 216.51 L 28959 654
MHR-D 216.51 M 30522 0
MHR-D 216.51 E 0 0

59481 654

216.6 - Cooling Tower Base & Foundation

WG52-00430  MHR-D 216.6 L 4597513 104368
MHR-D 216.6 M 5800055 0
MHR-D 216.6 E 1808242 0

12205810 104368

216.61 - Misc

WG52-00140  MHR-D 216.61 L 100000 2500
MHR-D 216.61 M 100000 0

200000 2500

216.7 - Interim Spent Fuel Storage Area 60x50

WG52-00660  MHR-D 216.7 L 460482 10549
MHR-D 216.7 M 440582 0
MHR-D 216.7 E 15390 0

916454 10549

221.1 - Neutron Control

WG52-00220  MHR-D 221.1 E 6041054 0

6041054 0

221.21 - Reactor Graphite Internals

WG52-00220  MHR-D 221.21 E 9900286 0

9900286 0

221.22 - Reactor Metallic Internals

WG52-00220  MHR-D 221.22 E 27637974 0

27637974 0

221.3 - Reactor Graphite Core (W/O Fuel)

WG52-00220  MHR-D 221.3 E 5546093 0

5546093 0

221.4 - Reactor Internals Installation

WG52-00220  MHR-D 221.4 L 519050 20474
MHR-D 221.4 M 139050 0

658100 20474

221.5 - Reactor Service Equipment

WG52-00370  MHR-D 221.5 L 420773 9390
MHR-D 221.5 M 0 0
MHR-D 221.5 E 3786953 0

4207726 9390

222.1 - Reactor Vessel

WG52-00350  MHR-D 222.1 E 19160573 0
WG52-00220  MHR-D 222.1 E 19160573 0

38321146 0
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222.12 - Reactor Vessel Supports

WG52-00070  MHR-D 222.12 E 3549177 0

3549177 0

222.13 - Reactor Vessel and Supports Install

WG52-00070  MHR-D 222.13 L 2688600 60000
MHR-D 222.13 M 194155 0

2882755 60000

222.14 - Reactor Initial Core Cost

WG52-00790  MHR-D 222.14 E 134000000 0

134000000 0

222.2 - Power Conversion Vessel

WG52-00520  MHR-D 222.2 E 13273209 0
WG52-00220  MHR-D 222.2 L 1792400 40000

MHR-D 222.2 M 80752 0
MHR-D 222.2 E 17783069 0

32929430 40000

223.1 - Turbine Generator

WG52-00520  MHR-D 223.1 E 40627751 0
WG52-00220  MHR-D 223.1 L 799964 24932

MHR-D 223.1 M 59719 0
MHR-D 223.1 E 52645864 0

94133298 24932

224 - Shutdown Cooling System

WG52-00220  MHR-D 224 L 673346 14891
MHR-D 224 M 0 0
MHR-D 224 E 6060116 0

6733462 14891

225 - Shutdown Cooling System Water System

WG52-00220  MHR-D 225 L 280315 8736
MHR-D 225 M 297119 0
MHR-D 225 E 2876637 0

3454071 8736

226 - Reactor Cavity Cooling System

WG52-00220  MHR-D 226 L 850738 26514
MHR-D 226 M 1505676 0
MHR-D 226 E 6550426 0

8906840 26514

227.1 - Core Refueling Equipment

WG52-00220  MHR-D 227.1 L 305373 95772
MHR-D 227.1 M 965304 0
MHR-D 227.1 E 27137248 0

28407925 95772

227.2 - Site Fuel Handling Equipment

WG52-00370  MHR-D 227.2 L 865622 19318
MHR-D 227.2 M 0 0
MHR-D 227.2 E 3470217 0

4335839 19318
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227.3 - Helium Purifcation Equipment

WG52-00460  MHR-D 227.3 L 275693 8588
MHR-D 227.3 M 23896 0
MHR-D 227.3 E 1272698 0

1572287 8588

227.4 - Radwaste & Decontamination System

WG52-00580  MHR-D 227.4 L 318126 9919
MHR-D 227.4 M 28840 0
MHR-D 227.4 E 998876 0

1345842 9919

227.5 - Helium Transfer & Storage System

WG52-00460  MHR-D 227.5 L 101481 3171
MHR-D 227.5 M 8652 0
MHR-D 227.5 E 660475 0

770608 3171

227.6 - Liquid Nitrogen System

WG52-00120  MHR-D 227.6 L 91789 2855
MHR-D 227.6 M 8075 0
MHR-D 227.6 E 562580 0

662444 2855

227.7 - Nuclear Island Cooling Water System

WG52-00220  MHR-D 227.7 L 1012530 31559
MHR-D 227.7 M 121128 0
MHR-D 227.7 E 219929 0

1353587 31559

228.1 - Reactor Protection System

WG52-00220  MHR-D 228.1 L 280783 8755
MHR-D 228.1 M 98056 0
MHR-D 228.1 E 1094739 0

1473578 8755

228.2 - Investment Protection System

WG52-00140  MHR-D 228.2 L 224912 7006
MHR-D 228.2 M 77868 0
MHR-D 228.2 E 1227288 0

1530068 7006

228.3 - Plant Control System

WG52-00140  MHR-D 228.3 L 449538 14009
MHR-D 228.3 M 152852 0
MHR-D 228.3 E 1780802 0

2383192 14009

228.4 - Nuclear Island Analytical Instr

WG52-00220  MHR-D 228.4 L 168470 5254
MHR-D 228.4 M 57680 0
MHR-D 228.4 E 2783105 0

3009255 5254
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229.1 - Reactor Plant Misc Items

WG52-00220  MHR-D 229.1 L 4732 147
MHR-D 229.1 M 31724 0
MHR-D 229.1 E 5206014 0

5242470 147

229.2 - Transportation of Major Equipment

WG52-00740  MHR-D 229.2 L 38768 1202
MHR-D 229.2 M 129780 0
MHR-D 229.2 E 2104787 0

2273335 1202

241 - Switchgear

WG52-00036  MHR-D 241 E 1323000 0
WG52-00480  MHR-D 241 L 383201 10802

MHR-D 241 M 0 0
MHR-D 241 E 823200 0

2529401 10802

242 - Station Service Equipment

WG52-00036  MHR-D 242 E 5119240 0
WG52-00480  MHR-D 242 L 682146 19236

MHR-D 242 M 13843 0

5815229 19236

243 - Switchboards

WG52-00480  MHR-D 243 L 43879 1237
MHR-D 243 M 0 0
MHR-D 243 E 1110000 0

1153879 1237

244 - Protective Equipment

WG52-00480  MHR-D 244 L 163705 4615
MHR-D 244 M 0 0
MHR-D 244 E 93000 0

256705 4615

245 - Electrical Structures & Containers

WG52-00750  MHR-D 245 L 21971269 466382
MHR-D 245 M 5765508 0
MHR-D 245 E 0 0

27736777 466382

246 - Power & Control Wiring

WG52-00750  MHR-D 246 L 14382674 305300
MHR-D 246 M 3927456 0
MHR-D 246 E 0 0

18310130 305300

251.1 - Nuclear Island Transport & Lift Equip

WG52-00220  MHR-D 251.1 L 859540 19182
MHR-D 251.1 M 0 0
MHR-D 251.1 E 3228600 0

4088140 19182
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251.2 - Balance of Plant Transport & Lift Equip

WG52-00140  MHR-D 251.2 L 25299 789
MHR-D 251.2 E 182000 0

207299 789

252.1 - HVAC

WG52-00370  MHR-D 252.1 L 545888 17012
MHR-D 252.1 M 141316 0
MHR-D 252.1 E 166600 0

853804 17012

252.2 - Water Supply & Treatment System

WG52-00140  MHR-D 252.2 L 947618 29541
MHR-D 252.2 M 350200 0
MHR-D 252.2 E 478000 0

1775818 29541

252.3 - Plant Hot Water Heating System

WG52-00140  MHR-D 252.3 L 633645 19751
MHR-D 252.3 M 234840 0
MHR-D 252.3 E 318400 0

1186885 19751

252.4 - Plant Fire Protection System

WG52-00140  MHR-D 252.4 L 761006 23723
MHR-D 252.4 M 468650 0
MHR-D 252.4 E 586040 0

1815696 23723

252.5 - Instrument & Service Air System

WG52-00140  MHR-D 252.5 L 821886 25607
MHR-D 252.5 M 307970 0
MHR-D 252.5 E 390650 0

1520506 25607

252.6 - Waste Water System

WG52-00140  MHR-D 252.6 L 1850236 57661
MHR-D 252.6 M 803400 0
MHR-D 252.6 E 877500 0

3531136 57661

252.7 - Yard Drainage System

WG52-00140  MHR-D 252.7 L 821224 25593
MHR-D 252.7 M 334750 0
MHR-D 252.7 E 388700 0

1544674 25593

252.8 - Sanitary Drainage & Treatment System

WG52-00140  MHR-D 252.8 L 1542525 48074
MHR-D 252.8 M 602550 0
MHR-D 252.8 E 730600 0

2875675 48074

253.1 - Nuclear Island Communications Equip

WG52-00220  MHR-D 253.1 L 264861 7471
MHR-D 253.1 M 370800 0
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253.1 - Nuclear Island Communications Equip

635661 7471

253.2 - Nuclear Island Security

WG52-00220  MHR-D 253.2 L 132349 3736
MHR-D 253.2 M 185400 0

317749 3736

253.3 - Balance of Plant Communications Equip

WG52-00330  MHR-D 253.3 L 166149 4680
MHR-D 253.3 M 230720 0

396869 4680

253.4 - Balance of Plant Security

WG52-00330  MHR-D 253.4 L 98956 2791
MHR-D 253.4 M 140080 0

239036 2791

254.1 - Nuclear Island Furnishings & Fixtures

WG52-00220  MHR-D 254.1 L 47646 1340
MHR-D 254.1 M 305910 0
MHR-D 254.1 E 195000 0

548556 1340

254.2 - Balance of Plant Furnishings & Fixtures

WG52-00330  MHR-D 254.2 L 11911 332
MHR-D 254.2 M 80340 0
MHR-D 254.2 E 48900 0

141151 332

26 - Heat Rejection System

WG52-00036  MHR-D 26 E 741133 0
WG52-00710  MHR-D 26 L 1132116 33908

MHR-D 26 M 766942 0
MHR-D 26 E 741134 0

3381325 33908

27 - H2-Process Equipment

WG52-00720  MHR-D 27 L 18210517 400572
MHR-D 27 M 15824 0
MHR-D 27 E 36405001 0

TS38-00040  MHR-D 27 E 36405000 0

91036342 400572

28 - Heat Transfer System

WG52-00720  MHR-D 28 22740000 507476
MHR-D 28 M 0 0
MHR-D 28 E 45480000 0

TS38-00040  MHR-D 28 E 45480000 0

113700000 507476

31 - Construction Services

WG52-00150  MHR-I 31 L 87875790 0
MHR-I 31 M 40435475 0

WG52-00770  MHR-I 31 L 28497034 0
MHR-I 31 M 13112724 0

169921023 0
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32.1 - R&D For Design

TS22-00110  MHR-I 32.1 L 22000000 130504
TS22-00100  MHR-I 32.1 L 470000000 2788044

492000000 2918548

32.2 - Conceptual Design

WG32-00040  MHR-I 32.2 L 50000000 304519
WG32-00480  MHR-I 32.2 L 14000000 85265
WG32-00350  MHR-I 32.2 L 35000000 213163
WG32-00550  MHR-I 32.2 L 40000000 243614

139000000 846561

32.3 - Preliminary Design

GA33-00090  MHR-I 32.3 L 100000000 609835
GA33-00110  MHR-I 32.3 L 70000000 426885
WG33-00010  MHR-I 32.3 L 80000000 487868
TS33-00130  MHR-I 32.3 L 29000000 176852

279000000 1701440

32.4 - Final Design

WG34-00010  MHR-I 32.4 L 120000000 715070
GA34-00090  MHR-I 32.4 L 239000000 1424182
GA34-00110  MHR-I 32.4 L 190000000 1132195
TS34-00170  MHR-I 32.4 L 44000000 262192

593000000 3533639

33 - Field Office Engineering & Services

WG52-00150  MHR-I 33 L 43928691 0
MHR-I 33 M 4262883 0

WG52-00770  MHR-I 33 L 13817315 0
MHR-I 33 M 3572693 0

65581582 0

334 - Plant Startup & Test

WG73-00010  MHR-I 334 L 10713664 0
MHR-I 334 M 4950800 0

TS73-00010  MHR-I 334 L 3902526 0
MHR-I 334 M 1803363 0

21370353 0

34 - Owners Cost

WG52-00760  MHR-I 34 L 26746455 0
MHR-I 34 M 94828341 0

WG52-00780  MHR-I 34 L 8673545 0
MHR-I 34 M 30751659 0

161000000 0

2876169834 13754067



P.O. BOX 85608  SAN DIEGO, CA  92186-5608 (858) 455-3000



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


