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Figure A-1. TRISO – coated particle fuel are 
formed into spheres for a pebble bed HTGR and 
compacts for a prismatic HTGR. 

Appendix A 
Research and Development Activities for the Next 

Generation Nuclear Plant Project 
The R&D activities of the Next Generation Nuclear Plant (NGNP) project are organized into four 

major technical areas: (a) Fuel Development and Qualification, (b) Graphite Qualification, (c) High 
Temperature Materials Qualification, and (d) Design and Safety Methods Validation.  This appendix 
discusses the objectives and progress of each area.  

1. Fuel Development and Qualification 
The High Temperature Gas Reactor (HTGR) concept is based on coated particle fuels (a coated 

particle is shown in the upper left of the figure below).  Such fuels have been extensively studied around 
the world over the past four decades.  Layers of carbon and silicon carbide surround the uranium core or 
kernel (the active part of the particle) thus forming tri-isotropic (TRISO)-coated particle fuel.  The HTGR 
would contain billions of multilayered (TRISO)-coated particles.  The material with the tiny particles of 
fuel distributed throughout is then shaped into either small cylinders called compacts or billiard-ball-sized 
spheres called pebbles (see figure).  Rigorous control is applied at every step during the fabrication 
process to produce high-quality, very low-defect, fuel.  Defect levels are typically on the order of one 
defect per 100,000 particles.   

The TRISO layers provide robust protection for the nuclear material and outstanding retention of the 
radioactive material produced during fission.  Extensive testing in Germany in the 1970s and 80s 
demonstrated that outstanding performance of high-quality, low-defect TRISO-coated particle fuels, 
under both normal operation and potential but highly improbable accident conditions, can be achieved.  
This outstanding performance, combined with the passive safety features of modern HTGRs, allows these 
reactors to be located close to industrial complexes where they can provide heat for the high temperature 

chemical processes and hydrogen for chemical 
and petrochemical industries, the major 
objective of the NGNP Project.  Prior to the 
NGNP Project, the German testing was 
considered the “gold standard” of fuel 
performance around the world.  Today, the 
NGNP Fuel Development and Qualification 
program is also achieving—, and in some cases 
exceeding—the high levels of fuel 
performance established by the Germans.   

The objective of Fuel Development and 
Qualification program is to qualify TRISO-
coated particle fuel for use in HTGRs being 
designed and licensed by the NGNP Project.  
TRISO-coated particles must be fabricated at 
industrial scale for use in qualification testing, 
as opposed to in small batches produced in a 
laboratory.  The qualification testing consists 
of a variety of experiments and examinations 
that will allow an understanding of the 
behavior of TRISO-coated fuel under the 
radiation and temperature environment 
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Figure A-2. Graphite core 
components. 

expected in an HTGR.  The program also contains experiments to characterize the barriers to transport of 
fission products—the elements produced when uranium fissions—through the coated fuel particles, the 
graphite reactor core the primary coolant boundary and the reactor building under postulated accident 
conditions, (e.g., loss of helium flow, depressurization of the coolant system, water and/or air ingress).  
These experiments characterize fuel and fission product transport barriers performance under these 
conditions and provide validation of the technical basis for design methods (computer models) that are 
used in design and safety analyses of the plant including the calculation of radiological source terms.   

At its inception, the Fuel Development and Qualification program had to re-establish the capability to 
fabricate and characterize TRISO-coated particle fuel in the U.S. after a 25-year hiatus.  This was a 
significant effort that required the development of the fabrication processes and characterization 
approaches used in historical TRISO-coated fuel made in the 1970s and 80s.  Many of the procedures and 
recipes used in the past were still available, but needed to be modernized to take advantage of 
improvements in measurement science over the past 25-years.  The result has been much more accurate 
and precise characterization of this fuel form.  The fabrication effort has also deepened and significantly 
enhanced the team’s understanding of how to fabricate TRISO fuel.  In so doing, the team has actively 
moved TRISO fuel fabrication with its historical recipes to a disciplined scientific/engineering endeavor.  
While this approach takes more time and effort than simply using a recipe and accepting the results 
without knowing why the process works, the statistically significant understanding gained through this 
modernization will yield benefits during the licensing process with the Nuclear Regulatory Commission 
(NRC).  The program is now fabricating high-quality, low-defect (about 1 defect in every 100,000 
particles) TRISO-coated fuel particles at industrial scale, something that has never been accomplished in 
the U.S. before.  Placing a U.S. fuel vendor in position to fabricate a high quality fuel with an 
understanding of enhanced fabrication for the NGNP establishes credibility with NRC by demonstrating 
that the historical results from the 1970s and 80s are repeatable and have a sound technical basis. 

The first fuel experiment, called AGR-1, has recently completed approximately three years of 
radiation exposure at the high temperatures expected under normal operation in a HTGR.  About 300,000 
TRISO fuel particles have been tested to a real level of energy utilization—called peak burnup—of 19%, 
without a measureable indication of a single particle failure.  These results are critical in demonstrating 
the superior performance capability of TRISO fuel and ultimately the HTGR concept.  This level of 
burnup is about three times that of current light water reactors and double 
that achieved by the German gas reactor program in the 1980s.  Work has 
also been underway to establish the capability to perform high temperature 
testing of this fuel at accident conditions (higher temperatures) to confirm 
robust safety performance of the fuel under highly unlikely but possible 
conditions.  This testing will begin in late 2010 and provide critical 
qualified data on the safety basis of the fuel for licensing by the NRC. 

The program has also spent significant effort developing a state-of-the-
art computer modeling and simulation capability to predict the behavior of 
TRISO fuel under the wide range of conditions anticipated in an HTGR.  
The model has been extensively compared against similar tools developed 
by international colleagues as part of an effort under the auspices of the 
International Atomic Energy Agency.  The successful benchmarking of the 
fuel performance model has resulted in NRC’s desire to use the model as 
part of their activities in confirming the results from other simulations.  

2. Graphite Qualification 
Graphite has been effectively used in the past as structural material for 

high temperature reactor cores.  Historical grades of graphite and the 
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supply of raw feed stocks used in gas reactors no longer exist.  The objective of the NGNP Graphite 
Qualification area is to demonstrate that modern grades of nuclear graphite made with current feedstock 
materials will perform at least as well as historical grades did.  The program also has a goal to understand 
the complex behavior of graphite in the nuclear environment at a deeper scientific level relative to its 
overall performance for use in HTGRs.  Thus, along with developing a qualification database of material 
properties for potential types of graphite for the HTGRs being developed by NGNP Project, the program 
is also establishing a science-based understanding of the fundamental mechanisms of irradiation behavior 
so it can predict how new  graphite grades will behave in the future.  Where practical, other types of 
graphite are being tested and analyzed to provide a baseline for comparison or to help understanding the 
material property changes of NGNP graphite types.  In the longer term, the program plans to evaluate the 
influence of fabrication processes and different feedstock materials on graphite behavior so that extensive 
qualification efforts are not needed when feed stocks or improved fabrication methods are used to make 
graphite for future HTGRs after NGNP. 

At the begninning of the graphite qualification research, significant effort went into establishing the 
analytical measurement laboratories required to perform the extensive characterization of nuclear graphite 
under consideration for HTGRs.  This task consisted of procuring, setting-up, and calibrating state-of-the-
art analytical testing equipment and developing protocols and testing methods to make accurate, 
repeatable measurements on graphite, an ability well established for metals.  

An extensive characterization effort is currently underway to establish the material properties before 
irradiation, on a series of large graphite chunks or blocks, called billets, that have been procured from two 
major graphite vendors (one in the U.S. and one in Europe). The first of six planned tests to evaluate the 
irradiation behavior of graphite under the radiation exposure levels and the high temperatures expected in 
an HTGR is underway.  This test—the largest of its kind ever performed on nuclear graphite—will 
produce a large number of well-characterized irradiated samples.  Tests are planned at specified 
temperatures, stress loading, and levels of radiation dosage that envelope the anticipated conditions for 
the HTGRs being developed by the NGNP Project.  Extensive post-test examinations are also planned to 
understand the key material property changes caused by the irradiation exposure.  These irradiation data 
and the as-fabricated material properties will be used to improve the detailed modeling and simulation 
tools currently being used to predict the structural response of graphite both inside a large block as well as 
throughout the whole core.  The data from all characterization and modeling activities will be needed by 
the American Society of Mechanical Engineers (ASME) to certify the structural adequacy of graphite 
during the HTGR licensing process.  

3. High Temperature Materials Qualification 
The high outlet temperature (between 750 and 800° C depending on the application need) of an 

HTGR requires the development of high performance metallic alloys to transfer heat from the reactor to 
the process application.  Because these alloys will contain the high-pressure helium used to cool the 
reactor, stringent requirements are imposed to ensure that this piping and the equipment through which 
the helium flows, called the pressure boundary, will maintain its integrity.  Thus, the goal of High 
Temperature Materials Qualification program for NGNP is to obtain the performance data required to 
support the development of these high temperature components over the range of envisioned outlet 
temperatures.  
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Figure A-4. Experiments and computer 
simulations used in HTGR design and safety 
analyses.

Figure A-3. High temperature 
material testing. 

Production grade quantities of candidate high temperature 
alloys have been procured.  State–of-the-art mechanical and 
environmental testing of the candidate high temperature 
metallic alloys is underway to understand its mechanical 
behavior at high temperatures and ensure that it does not 
degrade after long term exposure to low levels of moisture and 
other expected impurities in the helium coolant environment at 
the high temperatures expected in an HTGR.  Extensive 
development of the testing equipment and its associated 
experimental procedures was required to modify traditional 
material test systems to accommodate the high temperatures 
necessary to obtain the accuracy and repeatability needed to 
qualify the alloys for use in a nuclear system like those found in 
HTGRs.  The testing will cover a broad range of anticipated 
physical dimensions and structures to be used for the high 
temperature components including both thick and thin sections 
of the alloy, flat plate and tubes, as well as welded sections and 
other joints to ensure adequate structural performance and 
safety margins.  A detailed characterization of each alloy is 
performed after each test to understand the underlying behavior 
at the microscopic scale that contributes to the measured 
mechanical behavior of the metal.  All of the high temperature 
performance data generated in the testing will be needed to 
certify the structural adequacy of the high temperature metals 

by the ASME via an established process, a part of the NGNP licensing process.  As the design of the high 
temperature components in NGNP matures, R&D is envisioned to establish techniques to inspect the 
metals that form the pressure boundary during operation of the reactor.  Integrated testing of key high 
temperature components, or testing them with the connections and in the environment experienced as part 
of HTGR, will be needed to characterize the integrated behavior and validate the inspection techniques 
for use in NGNP. 

4. Design and Safety Methods Validation 
The goal of the NGNP Design and Safety Methods 

Validation program is to develop the experiments and 
data needed to validate modeling and simulation tools 
used to establish the design and safety of the HTGRs 
being developed by the NGNP Project.  The program 
has participated with the NRC by using a well-
established expert input process to rank important 
events that might occur during an accident.  A best 
allocation of resources for safety-related R&D 
activities is developed based on the importance of the 
specific accident-related event to the overall safety of 
the HTGRs and the associated level of technical 
knowledge.  Areas where the importance is high and 
the knowledge is low receive the greatest attention.  

Based on this exercise, the NGNP Project and 
DOE are interacting with the NRC to jointly develop a 
set of large-scale experiments to provide safety-related 
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data to validate modeling and simulation tools used to design and assess the safety of the HTGR design.  
This joint development effort avoids duplicative, costly experiments by the licensing applicant and the 
regulator.  The DOE and NRC have also initiated a joint collaboration with the Japanese gas reactor team 
to obtain unique operational data from their operating high temperature gas test reactor to validate 
modeling and simulation tools that predict the behavior of the integrated reactor system.  Assessments are 
currently underway by DOE, NRC, and NGNP personnel to technically evaluate other international 
capabilities that can be used to provide relevant safety data. 

The program is also performing smaller scale experiments and developing enhanced computer models 
to better understand important phenomena at the basic physics or chemistry scale, to reduce uncertainties 
and improve design and safety margins. 
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Appendix B 
State of the NGNP Technology and Technical Issues 

This appendix addresses the current state of the NGNP technologies and the issues that will be 
addressed as the project goes forward.  

1. Technology Status 

1.1 High Temperature Gas Reactor Technologies 
An HTGR is a graphite-moderated nuclear reactor cooled by helium, which heats to temperatures 

between 700 and 800°C, enabling applications such as process heat to generate electricity or produce 
hydrogen for use in the chemical industry. Key characteristics of the HTGR concept are the use of helium 
as a coolant, graphite as the moderator of neutrons, and ceramic-coated particles as fuel. Helium is 
chemically inert and will not react under all conditions. The graphite core slows down the neutrons and 
provides high temperature strength and structural stability. The ceramic-coated fuel particles are 
extremely robust and retain the radioactive byproducts of the fission reaction under both normal and off-
normal conditions. 

 
Figure B-1. The benefits of HTGR technologies.  
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Two distinct reactor designs have been proposed: a pebble bed design and a prismatic block design.  
The specific plant configurations and operating conditions have evolved as the Project has progressed.  
However, these two basic designs have been maintained. 

In the FY 2007 Pre-conceptual design work, the Westinghouse/PBMR(Pty) Team proposed a pebble 
bed reactor design patterned after the Demonstration Power Plant (DPP) being developed at the time by 
the South African PBMR(Pty) Ltd.  The AREVA Team proposed a prismatic block reactor design 
patterned after the Antares design which has been in development for several years.  General Atomics 
also proposed a prismatic block design similar to the Gas Turbine-Modular High temperature gas Reactor 
(GT-MHR) design that has been in development for several years and is the basis for a joint US-Russian 
venture. 

Although these reactors are distinct in the design configurations they are both helium cooled and 
graphite moderated.  They also use the same TRISO fuel technology.  This fuel design was developed in 
Germany at the advent of high temperature gas reactor development in 1960s and has been the basis of 
these design reactors since that time.  Variations of the fuel design were used in the AVR, Peach Bottom, 
Fort St.Vrain plants that operated in the 1960s-80s and are now in use in the Japanese High Temperature 
Test Reactor (HTTR) and the Chinese High Temperature Reactor.  It is also the fuel design for the DPP, 
Antares, MHTGR, NPR, and GT-MHR design efforts that preceded the NGNP Project. 

 

 
Figure B-2.  TRISO fuel and pebble bed and prismatic block fuel element designs. 

Figure B-2 shows the fuel design used in these reactors.  The fuel is contained in a particle made up 
of several layers of three different materials; the use of three materials is the genesis of the TRISO 
designation.  The center of the particle is formed by a uranium oxide or uranium oxycarbide kernel with a 
diameter in the range of 350 to 500 microns.  When fully coated, the fuel particle is diameter is in the 
range 780 to 920 microns. The kernel contains the fissionable material.  The kernel is surrounded by 
several layers of different carbonaceous materials.  Each layer in the TRISO-coated fuel particle plays a 
role in fuel performance and fission product retention as follows: 
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Layer 

 
Function 

Oxide or Oxycarbide Fuel Kernel Contains fuel material; acts as a diffusion barrier 
and chemical holdup of fission products and is the 
structural base of the particle 

Buffer This is a relatively low density carbon material that 
provides a void volume for gaseous fission product 
holdup, accommodates kernel swelling and is a 
sacrificial layer for fission fragments. 

Inner Pyrocarbon Pyrocarbon is a very dense material.  The inner 
layer provides a gas-tight coating, protects the 
kernel from contamination, provides the first 
diffusion barrier for metallic fission products and 
reduces tensile stresses on the outer SiC layer 

SiC (silicon carbide) SiC is also a very dense and strong material that is 
the primary metallic fission product diffusion 
barrier and the primary pressure retaining layer in 
the particle. 

Outer Pyrocarbon The outer layer provides the final gaseous and 
metallic fission products diffusion barrier, reduces 
tensile stresses on the SiC layer, provides a 
bonding surface for overcoating, (e.g., with a dense 
hard carbonaceous material) or matrix material, 
(e.g., as embedded in the reactor fuel element). 

 

The nuclear core in each reactor design contains millions of these particles in fuel elements of 
differing configurations.  As shown in Figure B-2, in the pebble bed design the fuel particles are 
contained within a spherical carbon matrix about the size of a billiard ball.  The exterior of the sphere is 
coated with a dense and hard carbonaceous material to resist abrasion.  The spheres are referred to as 
pebbles in that reactor concept.  The core of the pebble bed reactor contains several thousand pebbles. 

In the prismatic block design the fuel elements are in the form of hexagonal graphite blocks that 
contain several parallel longitudinal holes in which are stacked several fuel compacts.  Many fuel 
particles are embedded within the fuel compacts.  The blocks are stacked on end and extend in two to 
three annular layers to form the reactor core (see Figure B-7).  The core contains several thousand fuel 
compacts.  The fuel element blocks also contain empty longitudinal parallel holes for coolant flow. 

1.1.1 The Pebble Bed Reactor  

In the pre-conceptual design work, the Westinghouse/PBMR (Pty) Ltd. Team proposed an annular 
core pebble bed reactor design shown in Figure B-3.  As is typical with these HTGR designs the core is 
surrounded by thick graphite layers that act to support sustained nuclear fission and containment of the 
neutrons produced from fission.  These are the side, top, bottom and center reflectors shown in the figure.  
The nuclear reaction is controlled with control rods that penetrate the side reflectors from the top.  The 
pebbles make up the core that is located within the annulus formed by the side reflector and the center 
reflector.  The core and reflectors are contained within a core barrel.  The reactor vessel is the primary 
structural and pressure retaining component of the reactor.  Lower temperature helium coolant enters the 
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vessel at the top, flows down through the core and exits at 
the bottom through the inner pipe of a dual pipe 
configuration.  The annulus between the inner and outer 
vessel wall contains a small flow of lower temperature 
helium as part of the insulation system for the reactor outlet 
piping and the vessel.  This helium flows up through an 
annulus between the core barrel and the reactor pressure 
vessel and rejoins the principal core inlet helium in the 
upper plenum. 

The pebble bed reactor is refueled on-line.  The fuel 
bearing pebbles enter the annulus of the core through three 
lines offset by 120� at the top of the vessel.  Over a period of 
about 6 months each pebble travels down the core and exits 
from the bottom of the vessel.  Each pebble is then 
examined in the plant fuel handling system to determine if it 
has reached its burnup limit or is damaged.  In these cases it 
is removed from the system and a fresh pebble is inserted.  
Otherwise the pebble is returned for another pass through 
the core.  A typical pebble will make several passes through 
the core. 

This annular core pebble bed design is based on the 
South African PBMR (Pty) Ltd DPP design which features a 
direct cycle gas turbine as shown in Figure B-4.  In this 
design the primary coolant feeds a Brayton cycle gas turbine 
at a reactor outlet temperature of 900�C to 950�C.   This 
design is used primarily for electricity production, although 
waste heat from the recuperators can be used for lower temperature applications.   

The heat transport system and balance of plant proposed by the Westinghouse team in FY 2007 for 
the NGNP demonstration plant included two intermediate heat exchangers in series in the primary loop 
supplying energy to a secondary helium loop that supplied a steam generator and the hydrogen process, 
see Figure B-5.  The steam generator supplied a steam turbine generator for the production of electricity.  

Figure B-3 – Pebble Bed 
Reactor with Annular Core 

Figure B-4 – PBMR (Pty) Demonstration 
Power Plant (DPP) Design 

Figure B-5 – Original Westinghouse Team 
Proposed Configuration for Demonstration 
Plant 
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The hybrid-sulfur process was proposed for hydrogen production; the hot gas supplying the heat 
necessary to support the sulfuric acid decomposition component of the process and electricity supplying 
the electrolysis components of the process.  Excess electricity was to be sold on the local grid. 

As a result of the work 
performed on assessing the needs 
of potential end users in FY 2008 
and FY 2009 and changes in their 
design philosophy in FY 2009, the 
Westinghouse/PBMR (Pty) Ltd 
Team revised the core design and 
the plant configuration for the 
NGNP Plant to that  shown in 
Figure B-6. 

In the revised pebble bed core 
design the center reflector has been 
removed producing a cylindrical 
rather than the original annular 
pebble bed configuration.  The 
power rating of this reactor design 
is in the range of 200 MWt to 250 
MWt compared with the 500 MWt 
power rating of the annular core 
design.  The reactor outlet 
temperature will be in the range 
700�C to 750�C.  The 
Westinghouse/PBMR (Pty) Ltd 
Team cites the ability to bring this design to market faster with lower risk and on a more competitive 
basis than the larger plant design as the principal reasons for proposing this design.  The heat transport 
system includes a steam generator in the primary helium loop which will supply steam to a conventional 
Rankine steam turbine generator.  The plant is intended to serve co-located processes requiring steam and 
electricity.  

1.1.2 The Prismatic Block Reactor 

General Atomics and AREVA propose prismatic block reactor designs for the NGNP Plant.  A 
typical design is shown in Figure B-7.  As discussed above, the fuel elements in this design are hexagonal 
shaped blocks that contain fuel compacts in which are distributed the fuel particles.  The blocks are 
stacked (10 blocks high) and arranged in two to three annular rings depending on the power level of the 
reactor.  In the FY 2007 pre-conceptual design work, 550 MWt to 600 MWt reactor designs with reactor 
outlet temperature of 900�C to 950�C were proposed by both suppliers.  The AREVA reactor design was 
derived from the Antares plant, Figure B-8.  The Antares plant is designed for electricity production and 
includes an indirect Brayton cycle gas turbine in a horizontal configuration fed from the heat exchanger 
shown in the figure.  The AREVA proposal for the NGNP Plant was similar to Antares including an 
indirect configuration supplying a combined cycle turbine configuration for electricity production with a 
parallel loop supplying high temperature gas to either a prototype hydrogen production facility as shown 
in Figure B-9.  AREVA did not have design of the hydrogen process in their pre-conceptual design scope.  
They briefly evaluated high temperature steam electrolysis at the Project request and used the 
characteristics of the sulfur-iodine process in developing the production capacity and economics of an 
nth-of-a-kind (those following NGNP, which is the first-of-a-kind) HTGR based hydrogen plant. 

Figure B-6 – Current PBMR Core Design and Plant 
Configuration 

Courtesy of Pebble Bed Modular Reactor (Pty) Ltd. 
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The General Atomics reactor design is derived from the GT-

MHR plant, Figure B-10.  This includes a direct Brayton cycle 
gas turbine in a vertical configuration to produce electricity as 
shown in the left loop.  For the NGNP plant General Atomics 
added a second parallel loop (shown on the right in Figure B-11) 
supplying a compact intermediate heat exchanger that in turn 
supplies heat to a prototype sulfur-iodine hydrogen production 
facility. 

In FY 2008 and FY 2009, AREVA and General Atomics 
revised their plant operating conditions and configurations as a 
result of the interactions with the potential end users.  Both of 
these Suppliers are currently proposing plant configurations that 
have a steam generator in the primary loop supplying both 
process steam and a conventional Rankine steam turbine cycle as 
shown in Figure B-11.  Two reactor power levels; 350 MWt and 
600 MWt, are being considered with reactor outlet temperatures 
in the 750�C to 800�C range.  The 350 MWt design is based on 

the Modular High Temperature Gas Reactor (MHTGR) design that DOE / General Atomics developed in 
the late 1980s.  Having two different power levels could provide flexibility in applying the technology in 
multiple module configurations to satisfy variations in demand and availability requirements.  AREVA 
and General Atomics judge that these operating conditions and plant configuration reduce technical risks 
and support bringing the HTGR technology to market sooner than the higher temperature design. 

Figure B-7 – Prismatic Block Reactor

ANTARES

AREVA

Figure B-8 – AREVA 
Antares 
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Figure B-11 – AREVA (left) and General Atomics (right) Current Proposed HTGR Plant Configurations 

1.2 Hydrogen Plant Design 
The EPAct charged the DOE with developing the high temperature reactor for the purposes of 

supporting the production of electricity and/or hydrogen.  The pre-conceptual design work performed in 
FY 2007 provided designs meeting this objective.  In FY 2008 and FY 2009 investigations of potential 
end-user energy needs re-directed the supplier focus away from higher reactor temperatures to lower 
temperature cycle producing only steam.  However, expanded discussions with potential end-users in the 
petrochemical and fertilizer industries indicate a need for clean and economic production of hydrogen.  In 
FY 2009, an independent review team (IRT) evaluation was performed of the candidate processes for 
hydrogen production that can be efficiently supported by the HTGR technology.  This evaluation was 
performed by a panel of experts in the field that reviewed the three processes that have been the focus of 
the Nuclear Hydrogen Imitative (NHI) and NGNP Programs, (e.g., high temperature steam electrolysis, 
hybrid-sulfur & sulfur-iodine as shown in Figure B-12) as well as others. 

Figure B-9 – AREVA Original 
Proposed NGNP Configuration 

Figure B-10 – General Atomics Original 
Proposed NGNP Configuration 

Generator 

25 MW(e)

Steam to steam 
heat exchanger

1624 psia
600 F

To process

From process
320 F

Condenser

PumpPumpHeater

66 MW(t)

284 MW(t)

Saturated steam

He

Circulator

Generator

Water/steam

600 MWt Rx 
core

750�C

S.G.

Primary 
Loop Steam 

turbine

Steam 
isolation 
valves

~550�C

Condenser

LP
Reboiler

HP
Reboiler

LP 
Process 
Steam

HP 
Process 
Steam

Process 
Condensate
Return

Process
Water

CleanupProcess steam

INL/EXT-09-17505 
Revision 0



15 

 
 

This panel concluded: 

“DOE-NE should focus on the continued development of HTSE [high 
temperature steam electrolysis] as the leading candidate for integration with 
NGNP in 2021.  This conclusion is based upon the IRT judgment that HTSE has 
the highest probability of meeting the down-selection criteria described in the 
report, including efficient production of hydrogen at NGNP conditions”  

With respect to the other two technologies the panel recommended that if resources are limited and 
both technologies cannot be pursued: 

“DOE should consider as a minimum giving higher priority in any R&D to 
topics that benefit both of these technologies such as continued development and 
modeling of the sulfuric acid decomposer.” 

The Project has been continuing to support these programs in concert with this recommendation. 

All of the hydrogen production processes 
considered for coupling with the HTGR have optimum 
efficiencies in the 850�C to 950�C range.  As noted, 
the current proposed operating conditions for NGNP 
are lower than this range.  The efficiency of the HTSE 
process is not as adversely affected by a lower 
temperature as the other processes as shown in Figure 
B-13 [Thermal Water Splitting Efficiencies, from 
Yildiz and Kazimi (MIT)].  There are also 
mechanisms, (e.g., recuperation using waste heat in the 
cells) to raise the steam temperature locally.  The 
HTSE program has made recent breakthroughs in 
extending the life of the electrolyzer cells supporting 
expectations that this will be a viable approach for 
hydrogen production using the HTGR.  

With the current emphasis by the suppliers on 
supplying only steam and electricity in the first-of-a-
kind (FOAK) plant, they have recommended that the Project demonstrate a prototype of the hydrogen 
process using the large scale Component Test Capability rather than as part of the FOAK plant 
configuration.  This recommendation has been factored into the current strategy for completing the 
Project.  This demonstration would occur in the same time frame as the initial operation of the FOAK 
NGNP Plant, (i.e., by the end of 2021). 

High Temperature Electrolysis Sulfur - Iodine 

1/2O2+SO2 + H2O SO2+2H2O 

H2SO4

SO2

H2

O2

H2O

H2SO4 H2SO4 +H2

850-950 °C

SRNLSandia 

Labs

Hybrid-Sulfur 

Figure B-12 – Hydrogen Production Processes

Figure B-13 – Comparison of the thermal 
to hydrogen efficiency of the HTSE and 
SI hydrogen production processes as a 

function of temperature 
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2. Technical Issues and Tasks 

2.1 Issues Affecting Plant Design 
The following sections summarize a number of issues affecting the design of the HTGR plant that 

need to be addressed and resolved early in the design process, (e.g., during the initial phases of conceptual 
design).  The resolution of these issues will affect the cost of the plant, the schedule for completion, the 
range of commercial applications to which the plant can be applied, the approach and scope of licensing 
by the NRC, and the economics of the HTGR application.  Work to date has addressed some of these 
issues on a general basis, without a conceptual design to anchor the analyses.  Completion of this Project 
in a time frame that is of interest and use to industry (e.g., initial plant operation in 2021 to 2022) requires 
that the final configurations and operating conditions for the plants be established and the issues listed in 
the following sections begin to be addressed and resolved within FY 2010 to FY 2011.  This schedule is 
necessary so that design, licensing, cost, schedule and economic factors can be established with sufficient 
confidence to confirm HTGR technology technical, licensing, and economic viability. 

2.1.1 Reference Configuration / Operating Conditions / Plant Level Analyses 

Prior to conceptual design there was no established reference configuration that would meet initial 
industry needs. There was also no full definition of the operating conditions (power level, reactor outlet 
and inlet temperatures, etc.). It is anticipated that these will be developed during conceptual design. 

As noted, it is anticipated  (on the basis of Senior Advisory Group recommendations) that the Project 
will go forward with development of module configurations that include a steam generator in the primary 
loop.  The steam generator will supply steam to a steam turbine generator(s) for the production of 
electricity and steam to an industrial process.  If required by the application, the module configuration 
may also include a gas-to-gas intermediate heat exchanger for supply of high temperature gas to the 
industrial process.  Two nuclear heat supply systems (NHSS) will be developed; one for the pebble bed 
and the other for the prismatic block reactor designs.  The NHSS will operate with a reactor outlet 
temperature in the range 700�C to 800�C.  NHSS power levels of 200 MWt (pebble bed), 350 MWt and 
600 MWt (both of the prismatic block design) will be provided.  A typical HTGR plant will supply a co-
located industrial process and will comprise several modules to meet its energy demands with essentially 
100% availability.     

These assumed configurations and operating conditions currently inform the development of licensing 
white papers, discussions with the NRC and the R&D programs.  Complete plant level steady state and 
transient analyses of the specific NHSS and plant configurations are also required, however, to ensure that 
these activities are fully informed, and to establish design margins, for normal, abnormal and accident 
conditions.  Since these licensing and R&D activities are currently progressing it is necessary that the 
design activities required to confirm the final configurations of the NGNP Plant and to complete these 
analyses be initiated as soon as possible. 

2.1.2 Technology Readiness Levels of PASSCs 

The NGNP Project Risk Management Program has developed and implemented a technology 
development roadmap (TDRM) process that: (1) establishes the technology readiness level (TRL) of each 
critical1 plant area, system, sub-system and component (PASSC), and (2) develops the necessary effort to 
                                                      
 
 
1 Critical PASSCs are defined as those components that are not commercially available or have not been proven in relevant 

industry environments, at appropriate scale, or fully integrated with other components. 
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achieve the TRL required to have confidence in the performance of the PASSC when installed in the 
plant.  The development of design data needs during the pre-conceptual design work in FY 2007 and 
refinement of these needs in FY 2008 and FY 2009, combined with development of the TDRM for the 
HTGR, identified the areas listed in Table 1 as specific areas requiring technical development, both 
generically as well as design-specific (as shown by “Supplier” in the table).  The TDRM defines the 
specific efforts required to progress the TRL of the areas summarized in Table B-1.  The TRL of every 
developmental component, the status of the necessary work scope to advance TRLs and the summary 
tables are maintained by the Risk Management Program in coordination with the Supplier Teams. 

Although Table B-1 identifies specific development effort required by reactor type, close examination 
of the table reveals that the fundamental development requirements are common across all reactor 
designs.  There is no clear distinguishing characteristic or developmental requirement in any of the 
designs proposed to date in the Project that favors one design over the other.  This fact supports 
continuing the development of both design concepts (e.g., prismatic block and pebble bed designs).  The 
following issues, therefore, apply to both reactor types. 

2.1.3 Completion of R&D Qualification Programs 

The NGNP R&D programs are principally focused on confirmation of critical material performance 
and the ability of commercial processes to produce components consistently within specification 
requirements, (e.g., confirming that the fuel and graphite fabrication processes produce material that 
perform as assumed (or better) in the design analyses of the plant).  There are four formal programs that 
cover Fuel, Graphite, High Temperature Materials and confirmation of Analytic Methods.  There are 
program plans for each area containing detailed plans.  This work is focused on ensuring that these are 
validated to meet the technical and licensing requirements for the technology.  These are necessary and 
sufficient for design needs. 

Two areas of specific importance in addressing technical and licensing needs are: 

� Confirming the attenuation factors in transport of fission products (radionuclides) through each 
barrier to release to the environment in support of source term and worker and offsite dose 
calculations for normal, abnormal and accident conditions. 

� Developing the mechanisms and the effects of air and water ingress to the core under accident 
conditions on the radionuclide source term and integrity of the core. 

These are major efforts within the NGNP Project R&D Program that are needed to confirm the source 
terms and calculated offsite doses under all conditions.  A premise of the HTGR safety basis is that 
calculated off-site dose under all postulated normal, abnormal and accident conditions, including beyond 
design basis conditions, are sufficiently low to eliminate evacuation and sheltering requirements of 
emergency planning.  Reduced emergency planning requirements is an essential element in applying the 
HTGR technology to co-locating the plant for supply of energy to a wide range of industrial and 
commercial applications.  Completion of these evaluations is necessary to support the Plant Level 
Analyses discussed in a prior section.  Conceptual design work needs to be completed to develop the 
specific design configuration and operating conditions of the plants to the level sufficient to inform these 
evaluations. 

2.1.4 Development of Analysis Codes 
Many of the computer codes used by the Suppliers were developed several years ago.  These include 
thermal–hydraulic, computation fluid dynamics, physics, fission product transport and other codes.  These 
need to be updated to reflect experimental and development work completed since these codes were 
developed and to run on modern computer platforms.  Much of this work will be done by the Suppliers 
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but will be supported by the Project R&D Program for production of experimental data and code 
validation. 

2.1.5 Supply of Fuel and Graphite 

Significant deployment of the HTGR technology in the commercial sector will require a stable, 
economic and reliable source of reactor fuel and graphite.  To the date of this writing there has been little 
work done, other than initiating confirmation of fabrication processes and development of specifications, 
to ensure that this infrastructure is developed and available.  This is an area requiring attention as the 
design of the FOAK module progresses.  The expectation is that this FOAK module(s) will be followed 
shortly by commissioning of sister modules to form a commercially viable plant(s).  This and continued 
deployment of these modules and plants in other applications require more capacity than currently 
projected to be available for fuel and graphite supply. 

2.1.6 ASME / ASTM Code Case Development 

Code cases and specifications are required for use of graphite in the NHSS.  The Project is supporting 
committees in ASME and ASTM for these purposes.  This effort needs to progress expeditiously to 
support licensing activities and material supply. 

The reduction in reactor outlet temperature has reduced the immediate need to develop new code 
cases for candidate materials considered for the higher reactor outlet temperatures, (e.g., P91).  There is 
still need to update some code cases for existing ASME materials, (e.g., Inconel® 617, Incoloy® 800H) 
to extend the covered operating temperatures to the ranges anticipated for the current HTGR designs.  The 
Project has been working with the ASME and the ASME ST-LLC to conduct the necessary development 
work and develop the material required for update of the codes. This work must proceed on a time line 
that supports the design and licensing schedule.  Effort should also progress on development of material 
necessary for submittal of new code cases for the higher temperature materials and for ceramic materials 
(see item 2.1.7) that are required for operating the HTGR in the higher temperature ranges.  

2.1.7  Infrastructure for Development and Supply of Equipment and Materials 

The wide ranging deployment of this technology requires a reliable supply of equipment and 
materials for plant construction and maintenance.  These include: 

Large vessels 

Large vessels, such as the reactor pressure vessel, will be fabricated vessels which will need supplies 
of plate, forgings, plate forming and rolling facilities, qualified welding procedures, etc.  Currently, there 
are no such facilities in the US and the offshore facilities are becoming backed up with foreign nuclear 
plant development.  A US source of steel, large scale forging and forming facilities is required not only 
for HTGR deployment but for the future of all large scale steel fabrication in the US, (e.g., LWR 
deployments, petrochemical and refining industries).  It is understood that DOE-NE is initiating a task to 
work with U.S. steel suppliers to address this issue primarily to support light water reactor development.  
This needs to be pursued on a broader scope to support the full range of large vessel needs. 

Helium Circulators 

Most of the larger capacity gas circulators used in current gas reactors (e.g, in the UK) are in lower 
temperature, CO2 fluid systems.  Suppliers of similar and larger sized circulators for operation in helium 
must be identified and developed. 
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Ceramics 

There are certain areas within the NHSS where metallics may not be acceptable due to high 
environmental temperatures during normal, abnormal and accident conditions.  Control Rod sleeves are 
an example.  Ceramics have been identified as a possible material for use in these locations.  These 
materials require development and identification of qualified suppliers.  There are currently no plans in 
either the NGNP R&D programs or the planning discussed to-date by the nuclear system suppliers for 
such a development program. 

Heat Exchange Equipment 

The heat transport system will include some combination of gas to gas heat exchangers and steam 
generators in the primary loop depending on the form of energy required by the process.  The steam 
generator designs will follow closely the designs and experience in prior applications of the gas reactor, 
(e.g., spiral tube configurations such as used in Fort St. Vrain in Colorado, US, and AVR in Germany). 

Work to-date on gas-to-gas heat exchangers has focused on use of compact heat exchangers of the 
printed circuit, plate-fin, welded plate and other designs.  There is no prior operating experience with 
these designs in gas reactor applications.  Development and confirmation of performance and 
identification of reliable suppliers are required for these heat exchangers.  There is currently a low-level 
program being supported by the NGNP Project.  This program needs to be expanded and supported in 
order to ensure the availability of reliable gas-to-gas heat exchangers for deployment in the FOAK or 
sister plants. 

Instrumentation and Controls (I&C) 

The high operating temperature of the HTGR and the use of concentric annular piping for the hot and 
cold legs of the primary coolant system design present challenges for measurement of neutron flux, 
coolant temperatures and, if required, coolant flow.  The plant safety and non-safety instrumentation and 
control systems will be configured with the latest digital designs; plant control elements, (e.g., valve 
operator controllers) will also be digitally configured.  Specific design work to establish the requirements 
on I&C for safety and non-safety monitoring and control of the plant is required as part of conceptual 
design.  Development work may be required depending on the results of this design work in specific 
instrument areas, (e.g., temperature and/or flow measurement).  Developmental control schemes may also 
be required depending on plant configuration, (e.g., coordinated control of primary and secondary 
circulators to ensure that pressure differential limits are not exceeded across the heat exchange elements 
of an intermediate gas-to-gas heat exchanger under normal, abnormal and accident conditions). 

Valves 

The application of valves in the NHSS provides contrasts between the ability to use standard valve 
designs and the need to develop new or upgrade existing valve designs: 

The configuration of the primary coolant system in a gas reactor does not lend itself to the positioning 
of isolation or maintenance valves in that system.  This is also the case in the majority of the LWR plant 
designs.  The locations where valves will be used in the NHSS of the HTGR include: 

� Primary Coolant Relief and Safety Valves – these function to ensure that the primary coolant pressure 
remains below design limits.  This is an application where an existing relief or safety valve design 
may not be adequate.  The principal functions of these valves are to achieve reliable leak tightness 
during normal operation, consistent lifting at the set pressures, and required accumulation and 
blowdown during operation.  The designs of these valves will reflect standard design practice and 
experience in prior gas reactor operation.  The principal areas of developmental for these valves may 
include: 
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- Operation at higher temperatures particularly as the HTGR technology evolves to higher reactor 
outlet and inlet temperatures 

- The ability to perform to specification when relieving either helium or a steam-helium mixture in 
the event of a tube leak in those configurations that include a steam generator in the primary loop. 

� Circulator Discharge Check Valve – this valve prevents backflow through the circulator during 
operation of the shutdown cooling system, during single circulator operation in a dual parallel 
circulator configuration or if there are parallel primary loops, (e.g., if the reactor is supplying more 
than one heat exchange components) and one loop is not in service.  These are standard valve designs 
that are provided by the circulator supplier.  The potential need for development and confirmation of 
performance stems from operation at temperatures and flowrates higher than in the prior experience 
base.  The functioning of these valves would be verified in functional testing of the associated 
circulators. 

� Steam and Feedwater Isolation Valves – these are supplied on the steam leads of the steam generator 
and the feedwater inlets of the steam generator.  It is anticipated that an HTGR steam generator would 
operate at typical fossil plant conditions, (e.g., 2450 psig, 1000�F outlet steam conditions).  
Accordingly, these will be standard valves that should not require substantive development.  These 
valves would function to isolate the steam generator in the event of a tube leak. 

� Steam Generator Dump Valves – these may be supplied, depending on the results of analyses of the 
significance of a steam generator tube leak, to dump the water from the steam generator to a storage 
tank in the event of a tube leak.  These will need to operate rapidly and have the capacity for rapid 
blowdown of two phase flow to the tank.  The control of these valves will need to ensure that there is 
no backflow of helium from the primary side into the steam generator and these valves to prevent 
contamination and potential water hammer in the system.  It is anticipated that the required 
characteristics of these valves can be met by available designs and not require significant 
development.  Functional testing of an engineering scale dump system and its controls may be 
required to verify performance. 

� Maintenance Isolation Valves – the need for and design of these valves has not been established at the 
time of this writing, but will be established as the configurations of the plants progress. 

2.1.8 Component Test Capability 

The NGNP Project Risk Management Plan has identified to-date a significant number of large scale 
tests that need to be completed on critical components to achieve the Technology Readiness Level 
necessary to install the components in the FOAK plant.  Several studies have been done to develop the 
requirements for a facility to perform this testing and to identify existing or planned facilities in which 
this testing could be performed.  The conclusions of these studies are that no complete facility exists or is 
planned in which these tests could be run.  Several alternatives have been identified to complete these 
tests, (e.g., (1) do not perform large scale testing before installation in the plant; the plant becomes the test 
vehicle, (2) require the component or system supplier to perform the tests, (3) provide a new test 
capability – either in several facilities or in one consolidated facility – to perform the tests.  The objective 
for this capability has been expanded as well to not only support the NGNP Project but also to support all 
Advanced Reactor testing requirements. A mission needs statement has been submitted for CD-0 for this 
capability along with identification of these alternatives and criteria for evaluation of the alternatives.  
This effort was separated from the NGNP Project in FY 2009.  The following action is required in FY 
2010 to support the NGNP Project: 

� CD-0 approval, 

� Evaluation of alternatives completed and a path forward selected,  

� Conceptual design completed on the selected path forward,  
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� CD-1 approved and  

� Initiation of final design and construction. 

2.1.9 Hydrogen Processes 

As noted in a prior section, the ability to supply hydrogen along with steam, electricity and high 
temperature heat increases the value of applying the HTGR technology to many of the potential end-
users, (e.g., petro-chemical plants, fertilizer producers).  The development of the hydrogen processes was 
being supported under the Nuclear Hydrogen Initiative (NHI) until it was cancelled in FY 2009.  Upon 
cancellation of the NHI the scope and funding of that program was transferred to the NGNP Project.  This 
is an important developmental area that should continue to be fully funded under the Project through 
demonstration of the process in the Component Test Capability. 

2.1.10 Improving Cost and Schedule Estimate Confidence Levels 

The current cost and schedule estimates for completing the NGNP Project and for design, 
construction and operating an HTGR plant in a commercial application are based primarily on 
information developed in the FY 2007 Pre-Conceptual Design Work.  This information was developed for 
the larger scale pebble bed and prismatic block design reactors (e.g., 500 MWt to 600 MWt) operating at 
900�C to 950�C reactor outlet temperature in a configuration that included primary to secondary gas loop 
intermediate heat exchangers supplying hot gas to steam generators, turbines that produced electricity, 
and hydrogen production facilities.  As noted, this information has been revised as the trade studies on 
variations from these operating conditions and configuration were completed in FY 2008 and FY 2009, 
(e.g., evaluation of end-user needs which resulted in a reduction in reactor outlet temperature to the range 
750�C to 800�C).  Data on prior work to characterize smaller prismatic block reactor designs (e.g., the 
MHTGR developed by DOE with General Atomics  in the later 1980s) have also been used to examine 
the effect of lower reactor power, (e.g., 350 MWt versus 600 MWt).  The pre-conceptual status of this 
information, however, results in only a 50% confidence in the estimated cost and schedule for the NGNP 
Project.  More design effort is required to improve confidence in these estimates. 

As noted in prior sections, in the latter part of FY 2009 the nuclear system suppliers reported that the 
plant that appears to offer the best short term solution to meeting potential end-user energy needs is one 
that operates in the range of 750�C to 800�C at a power level of 200 MWt to 250 MWt for the pebble bed 
reactor and 350 MWt to 600 MWt for the prismatic block reactor.  The configuration of the plant includes 
only a steam generator in the primary loop feeding a steam turbine generator supplying electricity and 
steam (e.g., from extraction on the turbine) to a commercial facility.  This has been recommended as the 
FOAK plant for the NGNP Project.  However, the Project has been proscribed from completing any work 
on these designs and, accordingly, there has been no development of costs and schedules for completing 
the designs, constructing, testing and operating these plants.  The conceptual designs for these plant 
operating conditions and configurations need to be completed to improve the confidence level in the 
estimates of the cost and the schedule for completing the NGNP Project.  This effort should also develop 
the required funding profile by task for each of these plants. 

2.1.11 Product Contamination 

The application of the HTGR for supplying energy to commercial and industrial facilities is an 
extension of the use of nuclear power for more than the generation of electricity.  In these commercial 
applications the HTGR may be supplying energy, (e.g., in the form of steam, hot gas) directly to a process 
that either produces raw materials for fabrication of products, (e.g., ethylene used in plastics) or a product 
itself, (e.g., hydrogen that could be used in many different applications).  Depending on the application 
the supplied energy will have to meet specifications on contaminants.  The existing specifications for 
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these applications do not in general cover the potential contaminants, (e.g., radionuclides and other 
derivatives, (e.g., tritium)) that are produced in a nuclear reactor based plant.  The investigations in this 
area by the Project have concentrated on characterizing the constituents and quantities of potential waste 
effluents from the plant.  Work has been initiated to identify potential contaminants that could be 
transmitted into the energy supply streams from the plant to the process, (e.g., steam and hot gas), the 
potential quantities that could be produced, the mechanisms for transmission and the barriers that can be 
provided to eliminate or reduce the transmission to the energy streams.   

This work has developed a tritium permeation code that can be configured for specific conditions and 
applications.  The code will be validated in FY 2010 & FY 2011 using tritium mass balance data from the 
Japanese High Temperature Test Reactor . Similar work is required for the other radionuclides.  

It will also be necessary to work with the potential end users to understand the uses of the energy, the 
possibility for contamination of products from the process and the limits on contamination from potential 
constituents from the reactor plant. 

2.1.12 Co-location with Process 

Commercial application of the HTGR technology may require close co-location of the HTGR plant 
with the process, (e.g., within or just outside the process facility fence).  This may be required to reduce 
losses in the energy supplied via steam and hot gas.  There are several factors that have both design and 
licensing (NRC, state and local) impact that need to be addressed during conceptual design and in the 
discussions with potential end users including:  

� Coordination of local, state, federal, (e.g., EPA) & NRC regulations 

� Access control & security authority and overlapping jurisdiction 

� Emergency Procedure interactions, authority and overlapping jurisdiction 

� Potential interactive hazards, (e.g., from the facility to the HTGR Plant and from the HTGR plant to 
the facility) 

� Construction on brownfield / contaminated site conditions 

� Energy supply interfaces and energy demand characteristics, (e.g., transients, trip, average values) 

A broad range of potential end uses and sites will need to be evaluated to establish bounding 
conditions to inform design and licensing of the reference plants. 

2.1.13 Multiple Modules 

A typical plant using the HTGR technology will include several HTGR modules potentially of 
varying capacity and configuration.  They will typically be installed staggered in time, but when all are 
complete will operate in combination to satisfy process demand cycles and process availability 
requirements, (e.g., excess HTGR plant capacity may be provided to ensure that availability requirements 
are met when a module is down for maintenance or refueling).  This arrangement is different from the 
current use of nuclear plants for electricity production.  In a typical current application of a LWR in the 
US a single reactor plant will supply a steam turbine generator attached to the grid.  Each plant will be 
controlled from a single control area.  In the case where there is more than one reactor on a site the 
control areas may be contained in either a single or multiple control rooms but the control panel areas are 
separated in either case.  The configurations and operation of the HTGR plant multiple modules will be 
more consolidated than is typical in multiple light water reactor plants.  The following factors need to be 
considered in the design and licensing for the HTGR Plants: 

INL/EXT-09-17505 
Revision 0



 

 24

� Design of the consolidated control room for all the modules in the plant with efficiency and human 
factors considerations 

� Number of operators required for monitoring, control and inspection of the plant 

� Use of common support systems, (e.g., refueling systems used in prismatic block designs) 

� Common fluctuating loads on the multiple modules 

� Operating completed modules while constructing / refueling / modifying other modules in the plant 

� How multiple modules will be accounted for in establishing plant source terms under licensing basis 
events. 

2.1.14 Integration with Industrial Processes 

It is important that the design of the HTGR plant be informed by the needs of potential end users with 
as wide a brush as feasible.  Efforts to date have concentrated on co-generation applications supplying 
steam and electricity to a co-located process facility, such as a petro-chemical plant or refinery.  The 
needs of the Alberta Oil Sands and to a lesser extent the needs for oil shale extraction have been explored 
and characterized.  Work has also been initiated on the integration of the HTGR technology with refining 
processes, coal to synthetic fuels and ammonia and derivative products used in fertilizer production.  
Further work is required in all of these areas as well as others such as metallurgical coke production, 
petro-chemical processes such as ethylene & styrene production, calcination of carbonates and 
phosphates, to clearly identify the design features required to meet the energy requirements and to be 
compatible with the codes, standards and regulatory requirements associated with the process and the 
HTGR plant.  This work also needs to develop sufficient design, construction and operating cost and plant 
development and implementation schedules to develop economic & business cases for these applications 
sufficient to support initial discussion with the end users. 
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