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FOREWORD

Foreword

In order to achieve a carbon-neutral economy and society, the decarbonisation of the industrial
sector, which accounts for more than a quarter of global energy-related carbon dioxide (COz)
emissions, is an unavoidable challenge. The industrial sector requires a large heat supply at high
temperatures, and the lack of commercially viable low-carbon technology options at present
makes this challenge difficult to overcome. The high-temperature gas-cooled reactor (HTGR),
which is one of the Generation IV nuclear technologies, can generate high-temperature heat that
could be used for industrial applications on a large scale and its technical maturity is based on
over half a century of development and the operational experience of several experimental and
commercial-scale demonstration reactors.

This report presents the results of a Nuclear Energy Agency (NEA) study on the potential
and limitations of HTGRs for industrial heat applications. It reviews the technical features and
the development status of HTGRs as a low-carbon heat source and discusses how this
technology could meet the process heat requirements of different industrial processes. The
primary focus of the study is on the potential industrial applications of HTGR heat in the next
decade or so, but it also looks at opportunities beyond that. The report discusses the remaining
challenges, limitations and recommendations for the practical industrial deployment of this
technology.
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EXECUTIVE SUMMARY

Executive summary

High-temperature gas-cooled reactors (HTGRs) could be a technical solution for
industrial sector decarbonisation

The decarbonisation of the industrial sector, which accounts for around a quarter of global
energy-related carbon dioxide (CO2) emissions, is crucial to achieving carbon neutrality.
However, this sector is recognised as one of the “hard-to-abate” sectors because it requires a
large amount of high-temperature heat supply, which is currently provided by the burning of
fossil fuels. Low-carbon technologies that are available as alternatives have so far been
challenged by considerations of cost and commercial competitiveness.

The high-temperature gas-cooled reactor (HTGR) is a helium-cooled graphite-moderated
nuclear fission reactor technology, using fully ceramic fuels, and one of the advanced nuclear
technologies currently under development. With its projected capability to provide a stable
supply of heat of around 550°C and above on a large scale, it could be a practical option for
decarbonising industrial heat sectors while contributing to the security of supply through
diversification of energy sources.

The HTGR has over a half century of development history including operating experience of
several experimental reactors and commercial-scale demonstration reactors. Its flexible features
in output size, operation (including cogeneration) and deployment address various requirements
from multiple industrial heat consumers. From a nuclear safety perspective, modern HTGRs can
be designed such that they rely on the inherent safety characteristics of Tri-structural isotropic
(TRISO) coated fuel particles, a graphite moderator and helium coolant, which enable self-
stabilisation of reactor power at a very low level and passive removal of decay and residual heat
in the event of an accident. TRISO fuel maintains robust confinement of radioactive materials, and
the reactor temperature does not rise steeply during an accident due to a low reactor power
density and a large thermal capacity of the graphite core structure. This results in the reactor core
temperature staying below the maximum acceptable temperature for the fuel without relying on
operator intervention or external power supply for several days to over a week after an accident.
These enhanced safety features have been proven through various analyses and experimental
demonstrations.

HTGR heat could be applied to various industrial sectors and the availability of
steam pipeline systems would provide the nearest-term opportunity for HTGR heat
application

This Nuclear Energy Agency (NEA) report explores potential applications of HTGR heat in different
industrial sectors. The ease or difficulty of applying HTGRs in each industry sector is primarily
determined by the process temperature, system compatibility, and plant energy demand size.
From the perspective of process temperature and system compatibility, applications based on
steam pipelines for their heat supply are considered as the nearest-term opportunities for HTGR
heat. Such applications include district heating, seawater desalination, bitumen recovery from oil
sands, chemical complexes, and soda ash production. These applications could be decarbonised
rather quickly by replacing existing fossil fuel-fired steam boilers and cogeneration plants with
HTGRs in cogeneration mode. Other applications could be added at a later stage and require
further efforts to integrate HTGR heat supply, such as significant process redesign or development
of new technologies. From the perspective of plant energy demand size, the scalability and the
capability for combined heat and power operation of HTGRs enable this technology to meet a
range of size and performance requirements for industrial customers. This aspect also allows
HTGRs to benefit from economies of series through a fleet approach.
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The potential of HTGRs for industrial decarbonisation will be maximised by the
development of advanced low-carbon hydrogen production methods and very high-
temperature reactor (VHTR) technology

Aside from the nearest-term opportunities for HTGR heat application, HTGR heat can be used
for conventional hydrogen and ammonia production process by natural gas reforming, albeit
with some engineering efforts in process modifications. However, the contribution of this
method to CO: emissions reduction is limited to 15-30% due to process-related emissions that
cannot be addressed by energy source substitution. Therefore, while overall impact could be
reduced as hydrogen and ammonia replace fossil fuels in the industrial and transport sectors,
significant amounts of carbon emissions will remain given that the demand for hydrogen,
ammonia, and synthetic fuels as alternative low-carbon fuels for transport and industries is
expected to dramatically increase in the future. A more thorough decarbonisation of hydrogen
and ammonia production could be achieved by using HTGR heat and electricity for advanced
low-carbon hydrogen production methods, e.g. High-Temperature Steam Electrolysis (HTSE) or
thermo-chemical cycles. Although these approaches are currently under development or at the
stage of demonstration, they are expected to achieve higher energy efficiency for producing
hydrogen than low-temperature electrolysis, which relies on electricity alone. For the longer
term, the development of very high-temperature reactor (VHTR) technology, which generates
core outlet temperatures of over 950°C and provides high-temperature helium of over 900°C for
industrial processes, would further increase efficiency and competitiveness of hydrogen
production using high-temperature nuclear heat.

Challenges and recommendations for HTGR deployment for industrial heat
applications

Despite its technical maturity and potential contribution to reduce carbon emissions from
industrial heat sectors, no HTGR has been connected to an industrial process for this purpose
and the technology has yet to demonstrate its practical applicability. The reasons for this lie
mainly in the availability of cheap fossil fuels and insufficient incentives to reduce carbon
emissions. This is currently changing and HTGRs may be brought into the centre of the debate,
recognising the technology as an effective means for decarbonisation of industrial applications.
However, there are still some challenges for industrial players to develop and deploy HTGRs for
industrial heat applications.

1. Site or process-specific analysis and demonstration of the coupling of HTGRs to
industrial processes

In recent years, some industries have begun to take an interest in HTGR technology as an
alternative heat source for decarbonising their industries, but uncertainty over a range of issues
has deterred them from taking further steps. These include uncertainties in the compatibility
with their existing processes and facilities, the cost and time to deployment, and regulatory
implications. While there are many existing studies on the performance of HTGRs, further
technical, economic and regulatory feasibility studies on the whole system, taking into account
the coupling and co-location of HTGRs with real industrial processes and installations, will help
industry remove these uncertainties and fully quantify the applicability and benefits of this
technology. The planning and execution of demonstration projects using actual facilities will be
the most convincing avenue towards deployment of nuclear cogeneration technology with
HTGRs. Engagement with the national nuclear regulator at an early stage of the project planning
will also contribute to the successful completion of such projects by clarifying regulatory
implications and licensing pathways.

2. Communication and collaboration between industrial players from different sectors,
as well as a wide range of stakeholders

To tackle the challenges outlined above, it is necessary to involve a wider range of stakeholders.
From a technical and operational perspective, co-operation between nuclear technology
developers, potential nuclear operators and interested industrial heat users is essential to
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understand the potential interaction between nuclear energy and industrial facilities, and to
design and evaluate the overall system.

Unlike in the typical case of nuclear installations for power generation, HTGRs for
industrial heat applications must be physically connected to industrial facilities and located
relatively close to industrial and, sometimes, residential areas. This implies the need for
engagement with wider stakeholders to gain public understanding and acceptance of this
nuclear application. Along with ensuring the highest levels of nuclear safety and
environmental protection, the development of effective public communication about the
advanced safety features of HTGRs, their applications in industry and their societal benefits,
such as contribution to climate change mitigation, energy security, and national and local
economies, are recommended.

3. Clarification and co-ordination of regulatory scheme

The jurisdictional scope and boundary requirements of nuclear and related industrial regulations
with regard to the connection of HTGRs to industrial processes will provide the basis to develop
concrete system configurations and business schemes. The establishment of such a regulatory
scheme requires interactions between regulatory authorities in nuclear and relevant industrial
sectors, as well as interested industrial players. Engagement of relevant industrial and regulatory
bodies from an early stage of the project planning will contribute to the effective development of
industrial schemes and system configurations to successfully complete such projects.

4. Development of a HALEU fuel supply chain in a timely manner

Ensuring the availability of high-assay low-enriched uranium (HALEU) fuel, which has uranium
enrichment levels between 5% and 20%, is another important issue. All major commercial HTGR
concepts currently proposed rely on HALEU fuel. The demand for HALEU fuel is expected to
increase from the mid-2020s and reach a considerable level thereafter, reflecting the growing
interest in advanced nuclear reactors and accident-tolerant fuels for conventional light water
reactors. At present, HALEU fuel is not produced in sufficient amounts to allow for large-scale
HTGR deployment and the development of HALEU fuel supply capacity, including enrichment,
reconversion, transportation, and fabrication, is crucial to support the future development and
deployment of HTGRs and other advanced nuclear technologies. There is also currently limited
knowhow and production capacity of HALEU fuels in NEA member countries. This capacity
development requires not only a significant upfront investment, but long years of work,
including regulatory certification, e.g. the acquisition of additional HALEU enrichment capacity
takes several years or more from the proposal of a plan to the start of production. Therefore,
clear prospects regarding both the wide adoption of such advanced nuclear reactor technologies
and the availability of HALEU fuel are necessary to reduce market risks and uncertainty and
encourage private investment.

5. Governments’ commitment to decarbonisation policy and the provision of predictable
and effective incentive schemes

As with many innovative decarbonisation technologies, the development of industrial heat
applications for HTGRs requires long-term efforts and significant investment. The development
of supply chains, in particular for HALEU fuel availability, also requires significant upfront
investments and would need to be configured in a comprehensive and timely manner. In
addition to building proper regulatory frameworks, governments can encourage industrial
sectors to engage in development and deployment of this deep decarbonisation technology by
improving the stability and predictability of the business environment. Due to the lack of
technical and market experience of the HTGR industrial heat application, combined with the
high capital costs and long asset lifetime associated with nuclear projects in general,
governmental commitment to risk reduction is thus essential for the private sector and
investors to engage in such projects. At a more practical level, market schemes and subsidy
programmes to support low-carbon technologies will play an important role in providing
industry with some visibility of potential future revenues from these technologies.
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BACKGROUND

Chapter 1. Background

The Intergovernmental Panel on Climate Change (IPCC) Special Report Global warming of 1.5°C
published in 2018 (IPCC, 2018) established that achieving carbon neutrality by 2050 should be a
shared goal worldwide. The energy sector is responsible for almost three-quarters of global
greenhouse gas emissions. Despite the rapid growth of low-carbon power generation
technologies, such as solar and wind power, and electric vehicles that have emerged in the last
decade, there exist significant gaps in achieving carbon neutrality; nations will be required to
increasingly decarbonise electricity grids and electrify more and more economic activities.
Additionally, they need to reduce carbon dioxide (CO,) emissions from sectors that are difficult
to electrify, such as industries that require high-temperature process heat. The industrial sector,
which accounts for approximately one-quarter of global energy-related carbon emissions
(Figure 1.1, IEA, 2021), is considered to be one of the hardest-to-abate sectors, due to its need for
high temperatures and large-scale heat supplies, highly competitive market situation, and
longer asset life. Today, many heavy industries rely on combined heat and power from fossil
energy sources.

Figure 1.1: Global energy-related CO. emissions by sector, 2020

Others 5%

Buildings 8%
95 8% Power coal

29%

Transport 21%

Power gas 9%

Power oil 2%

Industry 26%

Notes: Emissions from industry sector include process emissions.
Source: [EA, 2021.

Nuclear power, along with hydropower, has been contributing to reducing CO; emissions in
the energy sector since the first nuclear power plants began operating in the mid-twentieth
century, and it will continue to do so in the future. Indeed, nuclear power has been the largest
low-carbon electricity source in advanced economies. Beyond power generation, nuclear
technology can also be used as a low-carbon process heat source. Over the past few decades,
nuclear cogeneration has been performed in many countries. Examples include seawater
desalination, paper and cardboard manufacturing, heavy water production, and salt refinement,
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where nuclear reactors have been providing a heat source up to around 150°C. The high-
temperature gas-cooled reactor (HTGR), one of the advanced nuclear reactor technologies
currently under development, can typically produce 700°C? or higher reactor outlet temperature,
which could expand the range of applications for low-carbon nuclear heat and contribute to deep
decarbonisation of industrial heat sectors (NEA, 2021).

This report aims to explore how HTGR technology could be implemented in the field of
industrial process heat supply, with a focus on the more immediate possibilities in the next
decade or so. For this purpose, Chapter 2 will provide an overview of the technological features
of the HTGR as an industrial process heat source and their current development status.
Chapter 3 will discuss potential industrial applications of HTGR heat in the near term. Chapter 4
will present the remaining challenges for a large-scale industrial deployment of this technology.
Finally, Chapter 5 will summarise the key findings and recommendations for policymakers to
advance the development and deployment of HTGRs for industrial heat applications.

References

IEA (2021), World Energy Outlook 2021, International Energy Agency, Paris, www.iea.org/reports/
world-energy-outlook-2021.

IPCC (2018), Global Warming of 1.5°C: An IPCC Special Report on the impacts of global warming of 1.5°C
above pre-industrial levels and related global greenhouse gas emission pathways, in the context of
strengthening the global response to the threat of climate change, sustainable development, and
efforts to eradicate poverty, Masson-Delmotte, V., P. Zhai, H.-O. Portner, D. Roberts, J. Skea,
P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews,
Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor and T. Waterfield (eds.), In
Press, Intergovernmental Panel on Climate Change, www.ipcc.ch/sr15.

NEA (2021), Advanced Nuclear Reactor Systems and Future Energy Market Needs, OECD Publishing, Paris,
www.oecd-nea.org/jems/pl_62463/advanced-nuclear-reactor-systems-and-future-energy-
market-needs.

1. Some of the HTGR concepts being pursued in the private sector have core outlet temperatures lower
than 700°C. One example is shown in Table 2.1, Chapter 2.
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AN OVERVIEW OF HTGRs FOR INDUSTRIAL HEAT SUPPLY

Chapter 2. An overview of HTGRs for industrial heat supply

2.1. Definition and history of HTGRs

The high-temperature gas-cooled reactor (HTGR) is a helium-cooled graphite-moderated nuclear
fission reactor technology that uses fully ceramic fuels. It is characterised by inherent safety
features and excellent fission product retention in the fuel and graphite compared to conventional
nuclear reactor technology (GIF, 2020).

As the name suggests, its reactor outlet temperature, typically between 750°C and 950°C, is
significantly higher than that of conventional nuclear reactors; for example, a standard outlet
temperature for pressurised water reactors is around 320°C. This high output temperature not
only increases the conversion efficiencies of power generation, but also expands opportunities
for using nuclear heat as industrial process heat at a higher temperature range that is difficult
to reach by conventional nuclear reactors. In the longer term, the operating temperature could
reach upwards of 950°C. Such reactors, however, will require the use of new structural materials
(GIF, 2020).

The first HTGR was proposed in a 1945 design study in the United States. In the 1960s,
experimental HTGRs emerged in the United Kingdom, the United States, and Germany, followed
by commercial-scale demonstrators in the United States and Germany, reactors that operated
from the mid-1970s to early 1990s. Operating experiences and design improvements are reflected
in the two experimental HTGRs that are currently operating in Japan and the People’s Republic of
China . These reactors have been demonstrating stable operation and system safety performance
without any significant technical problems (Fiitterer et al., 2021; Beck and Pincock, 2011).

Figure 2.1: Operating history of HTGRs

Commercial-scale demonstrators Reactor (country)
Core thermal outlet and temperature
Fort St. Vrain (United States) (operating year)
842 MWth, ~800°C i
(1976-1989)
THTR (Germany)
750 MWth, 750°C i q
(1985-1991) HTR-PM (China)
Peach Bottom 1 (United States) 250 MWth, 750°C
(commissioning as of 2022) 1
115 MWth, ~700°C h
(1966-1974)

Experimental reactors

AVR (Germany)
46 MWth, >900°C i
(1967-1988)

HTTR (Japan)

LTS I —— 1
Dragon (United Kingdom) (1998-present)
20 MWth, 750°C i HTR-10 (China)
(eiters) 10 MWth, 700°C ;

(2000-present) il
1960s 1970s 1980s 1990s 2000s 2010s 2020s

Source: Beck and Pincock, 2011; CNNC, 2021.
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AN OVERVIEW OF HTGRs FOR INDUSTRIAL HEAT SUPPLY

2.2. Technical characteristics of HTGRs

2.2.1. Heat supply capability

HTGRs can supply high-temperature nuclear heat that can be used not only for power generation
but also for industrial process heat. In the currently proposed HTGR concepts for early deployment,
the typical core outlet temperature ranges from 600°C to 750°C. The heat is then transferred via
intermediate heat exchangers or steam generators to the secondary heat medium, which
transfers the heat to external applications such as power generation and industrial processes
(Figure 2.2). The temperature and pressure of the secondary heat medium depends on the system
design and nature of the heat medium, ranging from 550°C to around 700°C (Table 2.1). Aside from
these reactors proposed for commercial use, the High Temperature Engineering Test Reactor
(HTTR), an experimental reactor in Japan, operates with an outlet temperature of up to 950°C and
secondary heat temperature of up to 900°C. The output sizes of the HTGRs can be flexibly designed
up to 625 megawatts thermal [MWth] for block-type reactors and 250 MWth for pebble-bed
reactors?® (Fiitterer, 2021). Most concepts are modular in design and offer the installation of
multiple units to increase scalability and operational flexibility. Figure 2.2 shows examples of
proposed system configurations where heat is delivered in the form of steam.

Figure 2.2: Examples of HTGR system configurations
for industrial process steam supply
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1. There are two types of core assemblies in HTGRs. The pebble-bed type contains fuel particles compacted
into graphite spheres (pebbles) which form the reactor core. In the hexagonal block-type assembly, the
fuel particles are compacted into cylinders (compacts) and inserted into graphite blocks that constitute
the core. The pebble-bed type is characterised by on-line refuelling capability, while the block-type can
achieve higher power output (Kunitomi et al., 2002; Gougar, 2019; GIF, 2020).
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Table 2.1: Technical specifications of different HTGR design concepts

. (Test reactor) | (Test reactor)
- - ® -]
625 600 250 200 15 10 30 10

Reactor thermal
output (MWth)
. Helium Helium Helium Helium Helium Helium Helium Helium
iggl‘:r?t' reactor 750°C 950°C 750°C 765°C 630°C 850-950°C 700°C
6.0 MPa 5.1 MPa 7.0 MPa 6.0 MPa 3.0 MPa 4.0 MPa 3.0 MPa
. Steam Helium Steam Steam Molten salt Nitrogen or Helium
'r:f;rm; late heat 560°C 900°C 567°C 565°C 560°C helium 775-905°C
16 MPa 5.15 MPa 13.25 MPa 16.5 MPa 0.5 MPa 710°C 4.1 MPa
Fuel type TRISO fuel TRISO fuel TRISO fuel TRISO fuel TRISO fuel TRISO fuel TRISO fuel TRISO fuel
Fuel material and uco UO; and MOX Uo, uco Uo, Uo; Uo; U0,
enrichment 15.5% 14.3% 8.5% 15.5% 9-13% <20% 3.4-9.9% 17%
Core assemble type Block Block Pebble-bed | Pebble-bed Block Block Block Pebble-bed
~20years
Design life 80 years 60 years 40 years 60 years 20 years 30 years (operation 20 years
time)
Refuelling cycle 18-24 months | 18-24 months Onllqe Onlm.e No refuelling N/A - Onllqe
refuelling refuelling refuelling
2 2
63000 m* (fc:'31 gor(e)zanztor (f103r140|'22:t10r
Plant footprint (m?) 10 000 m? (4 reactor 12 000 m? 350 m? 60 000 m? 13 000 m?
modules modules
modules)
layout) layout)
Conceptual . . Commissionin . . . . Conceptual . .
Development status design Basic design g Basic design | Basic design design Operating Operating
Designer Framatome JAEA Tsinghua 1y o \orgyLlc|  USNC U-Battery JAEA Tsinghua
Inc. University University
United . United United United .
eIy States Japan China States States Kingdom Japan China

Source: IAEA, 2020; GFP, 2019; Mulder, 2019; U-battery, 2022; Venneri, 2019; Yan et al., 2018; Yan, 2017.

2.2.2. Nuclear reactor safety features

The enhanced safety features of HTGRs can be represented as follows (Ball, 2014; Fiitterer et al.,
2021; Gougar, 2019; Sato, 2021; Strydom, 2013; NIRO, 2021):

o Passive safety features: HTGRs rely on tri-structural isotropic (TRISO) coated fuel particles
(Figure 2.3) with enhanced thermal resistance and confinement performance, a graphite
moderator with large thermal capacity and heat transfer properties, and a chemically inert
helium coolant. The combination of these features enables passive removal of decay and
residual heat to the air in the event of an accident without equipment actuation or operator
action, which could reduce the probability of transients with core melt conditions.

e Reduced reliance on operator action in accident response: Due to the low reactor power
density and high thermal capacity of the graphite core structure, the reactor temperature
rise after an accident is slow and the system ensures a long grace period,? typically more
than several days or a week.

¢ Robust confinement of radioactive materials in nuclear fuels: TRISO-coated particle fuel
has a high thermal resistance capable of confining the fission products to between 1 600°C
and 1 800°C (latest developments). Then the reactor core can be designed such that the
maximum accidental temperature in the core never exceeds the maximum acceptable
temperature for the fuel.

2. Grace period is defined as the margin of time after an accident before reactor operators are required to
intervene.
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These enhanced safety features have been proven through various analyses and experimental
demonstrations in several reactors, most recently in the Loss of Forced Cooling (LOFC) project. The
LOFC project, using Japan’s HTTR, has demonstrated that a loss of all functions for neutron
reaction control and reactor cooling during reactor operation does not result in a serious accident
or release of radioactive material (JAEA, 2022).

Figure 2.3: TRISO-coated fuel for pebble-bed type and block-type HTGRs
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Source: Gougar, H.D., 2019.

2.2.3. Technical maturity

During its development over more than half a century, HTGR technology has improved,
reflecting the operational experience in seven experimental and demonstration reactors. For
example, TRISO fuel technology was developed based on experience with a former type of
particle fuel used to operate experimental HTGRs, and its reliability has been proven through
the operation of a commercial-scale demonstrator (Fort St. Vrain) as well as currently operating
HTGR type research reactors (NRC, 2019; Beck and Pincock, 2011). Other examples include the
magnetic bearing for helium circulators and the steel pressure vessel, which reflect operating
experiences of past HTGRs and have demonstrated their reliability in operating experimental or
demonstration HTGRs (NRC, 2019; Beck and Pincock, 2011). There are few significant research
and development (R&D) issues left for new technology development, and remaining issues are
mainly on design-specific details and on coupling technology. Therefore, the focus of current
R&D activities is on licensing support and demonstrating future industrial applications and
economic viability (GEMINI+, 2021; Hittner, 2017; Fiitterer, 2021). These activities are being
undertaken under international co-operation programs, such as the Generation IV International
Forum (GIF) and the GEMINI+ initiative (see details for Section 2.4).
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2.2.4. Radioactive waste management

The distinctive features of HTGR radioactive waste management, as compared to conventional
nuclear reactors such as light water reactors, relate to the management of spent TRISO fuel and
irradiated graphite waste.

As discussed above, the coating of TRISO fuel particles provides a stable and robust barrier
that confines fission products within the fuel particles. This allows for long-term storage of
spent TRISO fuels and their eventual disposal in a geological repository using metal or concrete
casks, as is the case with spent fuel from light water reactors (IAEA, 2010; Sumita et al., 2003a).
The challenge with this direct disposal method is its large disposal volume, which mainly
derives from the graphite matrix and moderator associated with the fuel elements and accounts
for more than 90% of the total volume (IAEA, 2010). These graphite components can be separated
by core design and head-end treatment, minimising the volume of spent fuel to dispose of.
TRISO fuel could also be reprocessed after appropriate head-end processes to separate the
uranium oxide fuel kernels from the carbonaceous material of the coatings and from the matrix
graphite. Although the basic technologies have already been established, further technological
development is required for practical application in a hot cell® environment (Kiegiel et al., 2022;
Fitterer et al., 2010; Sumita et al., 2003a).

Among other radioactive wastes that will be generated during the life cycle of an HTGR,
including operation and dismantling, irradiated graphite waste derived from fuel elements or
graphite moderator elements requires specific consideration due to its large volume and the long
half-lives of some of the radionuclides it contains.* Since the radioactivity level of irradiated
graphite waste from HTGRs can be kept relatively low by appropriate design and operation of the
technology, such waste could be treated and decontaminated and then either handled as low-
level radioactive waste and disposed of in near-surface repositories or be recycled (Kiegiel et al.,
2022; IAEA 2010; Sumita et al., 2003b). With respect to volume, some preliminary studies suggest
approximately 3 000 cubic metres (m?) of irradiated graphite waste would be generated from
60 years of life cycle of a 600 MWth class block-type HTGR (Greneche and Szymczak, 2006;
Kunitomi, 2016). Irradiated graphite waste is also generated from other types of nuclear reactors
using a graphite moderator and, to date, over 160 000 m?*® of irradiated graphite waste has
accumulated worldwide in interim storage facilities awaiting treatment and/or disposal (IAEA,
2016). Thus, in countries with accumulated irradiated graphite waste, efforts have been conducted
to develop disposal facilities as well as treatment methods for the reduction in volume and re-use
of graphite waste (Fuks et al., 2020).

2.2.5. Nuclear non-proliferation and security

Alongside nuclear safety and environmental protection, non-proliferation and nuclear security
have been considered requirements in the use of nuclear energy, to be ensured at the highest
level. The GIF Proliferation Resistance and Physical Protection Working Group (PRPPWG) has
been working on the assessment of non-proliferation and security features of the Generation IV
reactor systems, including HTGRs. Since 2017, this expert working group has been updating its
initial white paper on this topic released in 2011 (GIF, 2022). As of the writing of this report, the
PRPPWG said this about the proliferation resistance of HTGRs:

[A]s a general remark, it is noted that one has to process some metric tons and tens
of cubic meter quantities of TRISO fuels in order to obtain a significant quantity of
nuclear material, using either grind-leach or burn-leach of electrolysis in nitric acid
whose technology is still not matured at industrial level. In addition, high burnup
of the spent fuel of both [HTGR] designs is also one of key proliferation resistance
features due to higher order plutonium isotopes that produce decay heat and high
dose rate. (Cheng et al, 2021)

3. Hot cell means shielded radiation contaminant chamber.
4. In particular, C-14 (5 730 years of half-life) and Cl-36 (3.01 x 105 years of half-life) determine the very
long-term radioactivity of irradiated graphite waste.
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With regard to safeguards activities, pebble-bed and block-type HTGRs have several different

features due to their different fuel forms. According to the PRPPWG:

International safeguards for [block type HTGR] can adopt item counting like [light
water reactors (LWRs)]. All movements of fuels are observed by surveillance
cameras. Fresh fuel storage and spent fuel storage are sealed after fuel movement.
Fuel inventory in the reactor core is verified by fuel flow monitoring with radiation
detectors. One of the main differences compared to LWRs is the absence of water
in reactor cores. Therefore, conventional Cherenkov camera observation by
[International Atomic Energy Agency (IAEA)] inspectors is not applicable.

For [pebble-bed type HTGR], on the other hand, its safeguards are considered to be
quasi-bulk type: No identifiers are present on pebbles. The pebbles that have
achieved a predetermined burnup are discharged through discharge tubes and are
led to containers in the discharge compartment as spent fuel pebbles. Diversion of
Pu might be possible by using this continuous fuel loading system and discharging
fuel pebbles early from the reactor core before significant buildup of even-
massnumbered Pu isotopes. However, that kind of activity would be detected by
adequate Containment and Surveillance (C/S) measures by IAEA safeguards. (Cheng
et al, 2021)

For nuclear security features, this working group states that:

In term of physical protection, as was mentioned in proliferation resistance,
terrorists need to steal metric tons of spent fuel blocks/pebbles. The subsequent
reprocessing of these spent fuel would require substantial effort in order to get a
significant quantity of Pu. In addition, Pu with a high concentration of even-mass-
numbered Pu isotopes, such as #*°Pu, 2*?Pu and even 23¥Pu, would not be suitable for
[nuclear explosive device] fabrication; however this would provide radiological
targets for theft.

In case of radiological sabotage targeting power excursion, [HTGRs] are designed to
achieve passive safety by the nature of its fuel that maintains the fuel temperature
below fuel-damaging threshold in normal operations and even in severe accidents,
including beyond-design-basis events. The consequence of using [HTGR] fuel by
terrorists in Radiological Dispersal Devices (RDDs) is mitigated by the fact that the
diffusion of fuel particles would be limited by their weight compared to that of finer
bulk materials such as powder and liquid. (Cheng et al, 2021)

2.3. Potential benefits of HTGRs in industrial heat supply

HTGRs could provide a number of benefits in energy supply for industrial sectors with the
following features:

Low-carbon energy source: Nuclear energy is one of the lowest greenhouse gas emitting
technologies currently available. > Therefore, the use of HTGRs has the potential to
contribute to the reduction of fossil fuel use and associated carbon emissions, not only
through power generation but also process heat supply.

High-temperature heat supply: HTGRs can supply heat to industrial processes in the high-
temperature range. Typical HTGR concepts that are currently proposed for early deployment
offer approximately 550°C to 700°C process heat. For such high-temperature heat supply,
there is no low-carbon technology that can be widely deployed for industrial processes on a
commercial scale today (ICEF, 2019).

20

Although many studies of greenhouse gas emissions of nuclear power plants are conducted for
conventional technologies, Koltun, Tsykalo, and Novozhilov (2018) suggest that the life-cycle emissions
of HTGRs are comparable or in some cases even lower than those of conventional nuclear plants.

HIGH-TEMPERATURE GAS-COOLED REACTORS AND INDUSTRIAL HEAT APPLICATIONS, NEA No. 7629, © OECD 2022



AN OVERVIEW OF HTGRs FOR INDUSTRIAL HEAT SUPPLY

¢ Reliability and flexibility of heat supply: Like conventional nuclear power plants, the HTGR
is resilient to external conditions such as weather and can operate reliably over long periods
of time. Depending on the design concept, the HTGR can operate flexibly to meet the heat
demand through power control, and dynamic switching between heat, power, and thermal
storage (Sadhankar, 2019; IAEA, 2020; GFP, 2019).

e Security of supply: Regarding fuel resources, although there is a challenge in developing
capacity for mining of uranium ore and producing uranium fuel with an enrichment level
above 5%°¢, uranium reserves are estimated to be abundant (NEA/IAEA, 2020). The relatively
stable uranium supply and the small share of fuel costs in operating costs could contribute
to the security of supply and avoid large energy cost fluctuations.” This would also enhance
energy security through the diversification of energy sources.®

¢ Flexible deployment: Since currently proposed HTGRs have a smaller footprint than
conventional nuclear reactors and do not require a reliable water source for core cooling in
the event of an accident (as discussed in Section 2.2.2), geographical constraints for
installation are much smaller than those for conventional nuclear power plants (IAEA, 2020).
Some HTGR designs are also scalable in multi-unit installations (NEA, 2021).

Figure 2.4: Life cycle CO; emissions in g/kWh of different electricity sources
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2.4. Costs of HTGRs in industrial heat supply

Although there is limited information on the cost estimation of industrial heat supply from HTGRs
compared to the electricity generation of nuclear power plants, some analyses suggest there are,
under certain conditions, some cost advantages over existing fossil fuels and other alternative
heat sources. A study by the Committee for Analysis and Preparation of Conditions for
Deployment of High-Temperature Nuclear Reactors in Poland estimates, while providing a
relatively low discount rate (4%), that the cost of process heat from 165 MWth small modular
HTGRs may be comparable to that of natural gas boilers, assuming a CO. price above EUR 20 per
tonne (Wrochna, 2017). For micro modular HTGRs, the Economic and Finance Working Group of

6. The issue related to HALEU fuel production capacity will be discussed later in the Chapter 4.

7. According to IEA (2021), although there is sufficient potential land availability for bioenergy production,
taking into account sustainability constraints, it could raise land-use conflictions without strict
monitoring and control of land conversion.

8. In addition to uranium, HTGRs are generally also well-suited to the use of plutonium and thorium in
the long run, if required (Fiitterer, 2021).
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the SMR Roadmap in Canada suggests that 10 or 20 megawatts electricity [MWe] micro-modular
HTGRs for off-grid cogeneration for remote mining sites and communities could be competitive
against conventional diesel, assuming CAD 60 per tonne CO: (Canadian Small Modular Reactor
Roadmap Steering Committee, 2018). The Next Generation Nuclear Plant project (NGNP) Industry
Alliance in the United States has estimated that process heat from an HTGR would be competitive
at natural gas prices above USD 6-8 per MMBtu with no CO. emissions cost (INL, 2010). As an
example, an analysis that compared the potential cost of HTGRs against other low-carbon heat
sources, Columbia University carried out a general cost estimate in the United States of low-
carbon heat sources for industrial application (Friedmann, Fan and Tang, 2019). This study
suggests that while there is a large uncertainty due to the inexistence or immaturity of
commercial-scale application of these technologies, the delivery cost of heat by advanced nuclear
reactors, including HTGRs, could be lower than other low-carbon heat sources (Figure 2.5).

Figure 2.5: General cost estimation of low-carbon heat
source by Columbia University, 2019
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assumed to be USD 40-120/MWh. 5. “Advanced nuclear reactors” means Generation IV reactors including HTGRs.

Source: Friedmann, 2019.

2.5. National and international programmes for HTGR development

The potential of HTGRs for decarbonising industrial sectors continues to gain interest. As of
2022, China is completing the commissioning of two HTR-PM pebble-bed reactors (CNNC, 2021).
At the same time, countries including the United States, United Kingdom, Canada, Poland, and
Japan pursue national programmes to support the development of HTGRs for industrial heat
applications, with the aim to demonstrate commercial HTGRs by the late 2020s or early 2030s.
Some of these programmes have already selected reactor types or construction sites. At the
point of writing this report, Xe-100 (X-energy) has been selected for the United State Department
of Energy (US DOE) Advanced Reactor Demonstration Program, which aims to demonstrate the
technology by 2027. The reactor will be located at the Columbia Nuclear Generating Station in
the United States (X-energy, 2022). In Canada, MMR® is in stage three of four of the reactor
selection process in the SMR Demonstration Project at the Chalk River site of Canadian Nuclear
Laboratories, which aims to start operation in 2026 (GFP, 2021).

A detailed plan to couple HTGRs to industrial process applications as part of these
demonstration projects has not yet been developed. However, the GEMINI+ initiative (2017-2020),
an international partnership activity aiming to prove the industrial feasibility of nuclear high-
temperature cogeneration, has proposed a design basis of HTGRs co-generating electricity and
heat to industrial facilities (GEMINI+, 2021), with the plan to build a test reactor in Poland.
A follow-up international joint activity is being planned by the “Sustainable Nuclear Energy
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Technology Platform” (SNETP) in Europe with a focus on the licensing and demonstration of
cogeneration applications of HTGRs. In Japan, heat application tests using the HTTR and
planned for the late 2020s (Sato et al., 2021), will deliver further insight into the technical
feasibility of coupling HTGRs with industrial installations. The Generation IV International
Forum is an international collaborative research initiative for developing technology for very
high-temperature gas-cooled reactors (VHTRs) through multilateral collaborative research as
well as hydrogen production using high-temperature nuclear heat (GIF 2022).

References

Beck, L.M. and L.F. Pincock (2011), High Temperature Gas-Cooled Reactors: Lessons Learned Applicable
to the Next Generation Nuclear Plant, Idaho National Laboratory, Next Generation Nuclear Plant
Project, INL/EXT-10-19329, https://inldigitallibrary.inl.gov/sites/sti/sti/5026001.pdf.

Cheng, L. et al. (2021), “White Papers on Proliferation Resistance and Physical Protection
Characteristics of the Six GEN IV Nuclear Energy Systems”, In: INMM and ESARDA 2021 joint
Annual Meeting, 23-26 August and 30 August-1 September 2021.

CNNC (2021), World’s first HTR-PM nuclear power plant connected to grid, 20 December 2021.
https://en.cnnc.com.cn/2021-12/20/c_692103.htm (accessed 2 February 2022).

Friedmann, S.J., Z. Fan and K. Tang (2019), Low-carbon Heat Solutions for Heavy Industry: Sources,
Options, and Costs Today, The Center on Global Energy Policy, Columbia University,
www.energypolicy.columbia.edu/research/report/low-carbon-heat-solutions-heavy-
industry-sources-options-and-costs-today.

Fuks, L., I. Herdzik-Koniecko, K. Kigiel and G. Zakrzewska-Koltuniewicz (2020), “Management of
radioactive waste containing graphite: Overview of methods”, Energies, Vol. 13, 4638;
https://doi.org/10.3390/en13184638.

Fitterer, M.A. (2021), “Nuclear Cogeneration Industrial Initiative”, NEA Workshop on HTR and
Industrial Heat Application, 7 October 2021.

Fiitterer, M.A. et al. (2021), “The high temperature gas-cooled reactor”, Encyclopedia of Nuclear
Energy, Volume 1, pp. 512-522, https://doi.org/10.1016/B978-0-12-409548-9.12205-5.

Fiitterer, M.A., F. von der Weid and P. Kilchmann (2010), “A High Voltage Head-End Process for
Waste Minimization and Reprocessing of Coated Particle Fuel for High Temperature
Reactors”, Proceedings of ICAPP’10, paper 10219, San Diego, CA, United States, 13-17 June 2010.

GEMINI+ (2021), HTGR, A Clean Energy for Industry & Transport, The GEMINI+ project,
https://gemini-initiative.com/wp-content/uploads/2021/01/GEMINI_Booklet-2.pdf.

GFP (2021), Global First Power Ltd, Website, www.globalfirstpower.com (accessed 2 February
2022).

GFP (2019), “Project Description for the Micro Modular Reactor™ Project at Chalk River”, Global
First Power, www.gfpcleanenergy.com/Content/documents/ProjectDescription_EN.pdf.

GIF (2022), Generation IV International Forum, website, www.gen-4.org/gif.

GIF (2020), Annual Report 2020, Generation IV International Forum, Paris, www.gen-4.org/gif/
jcms/c_44720/annual-reports.

Gougar, H.D. (2019), “High Temperature Gas-cooled Reactor - History, Physics, Design Features”,
Idaho National Laboratory, INL/MIS-19-52882.

Canadian Small Modular Reactor Roadmap Steering Committee (2018), “Economic and Finance
Working Group: SMR Roadmap”, https://smrroadmap.ca/wp-content/uploads/2018/12/
Economics-Finance-WG.pdf?x64773.

Greneche, D. and W.J. Szymczak (2006), “The AREVA HTR fuel cycle: An analysis of technical
issues and potential industrial solutions”, Nuclear Engineering and Design, Vol. 236, pp. 635-
642, Elsevier, Amsterdam, https://doi.org/10.1016/j.nucengdes.2005.10.022.

HIGH-TEMPERATURE GAS-COOLED REACTORS AND INDUSTRIAL HEAT APPLICATIONS, NEA No. 7629, © OECD 2022 23


https://inldigitallibrary.inl.gov/sites/sti/sti/5026001.pdf
https://en.cnnc.com.cn/2021-12/20/c_692103.htm
http://www.energypolicy.columbia.edu/research/report/low-carbon-heat-solutions-heavy-industry-sources-options-and-costs-today
http://www.energypolicy.columbia.edu/research/report/low-carbon-heat-solutions-heavy-industry-sources-options-and-costs-today
https://doi.org/10.3390/en13184638
https://doi.org/10.1016/B978-0-12-409548-9.12205-5
https://gemini-initiative.com/wp-content/uploads/2021/01/GEMINI_Booklet-2.pdf
http://www.globalfirstpower.com/
http://www.gfpcleanenergy.com/Content/documents/ProjectDescription_EN.pdf
http://www.gen-4.org/gif
http://www.gen-4.org/gif/jcms/c_44720/annual-reports
http://www.gen-4.org/gif/jcms/c_44720/annual-reports
https://smrroadmap.ca/wp-content/uploads/2018/12/Economics-Finance-WG.pdf?x64773
https://smrroadmap.ca/wp-content/uploads/2018/12/Economics-Finance-WG.pdf?x64773
https://doi.org/10.1016/j.nucengdes.2005.10.022

AN OVERVIEW OF HTGRs FOR INDUSTRIAL HEAT SUPPLY

Hittner, D. (2017), “High Temperature Industrial Nuclear Cogeneration”, NEA Nuclear Innovation
2050 R&D Cooperative Programme Proposal, www.oecd-nea.org/upload/docs/application/
pdf/2020-07/09hittnerni2050heatandcogeneration.pdf.

IAEA (2020), Advances in Small Modular Reactor Technology Developments: A Supplement to IAEA
Advanced Reactors Information System (ARIS) 2020 Edition, International Atomic Energy Agency,
Vienna, https://aris.iaea.org/Publications/SMR_Book 2020.pdf.

IAEA (2016), Processing of Irradiated Graphite to Meet Acceptance Criteria for Waste Disposal, IAEA-
TECDOC-1790, International Atomic Energy Agency, Vienna, www.iaea.org/publications/
10978/processing-of-irradiated-graphite-to-meet-acceptance-criteria-for-waste-disposal.

IAEA (2010), High Temperature Gas Cooled Reactor Fuels and Materials, IAEA-TECDOC-1645,
International Atomic Energy Agency, Vienna, www.iaea.org/publications/8270/high-
temperature-gas-cooled-reactor-fuels-and-materials.

ICEF (2019), ICEF Industrial Heat Decarbonization Roadmap, Innovation for Cool Earth Forum,
www.icef.go.jp/pdf/2019/roadmap/ICEF_Roadmap_201912.pdf.

INL (2010), “Summary for the Next Generation Nuclear Plant Project in Review”, INL/EXT-10-
19142 Revision 1, Idaho National Laboratory, https://doi.org/10.2172/991914.

IPCC (2014), Climate Change 2014: Mitigation of Climate Change, Intergovernmental Panel on
Climate Change, Edenhofer, O., R. Pichs-Madruga, Y. Sokona, J. C. Minx, E. Farahani, S.
Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen,
S. Schlomer, C. von Stechow, and T. Zwickel (eds.), Cambridge University Press, New York,
www.ipcc.ch/report/ar5/wg3.

JAEA (2022), Implementation of International Joint Test in HTTR (High Temperature Engineering
Test Reactor) (Notice) - Core cooling loss test, 31 January 2022, JAEA, (Japanese)
wWww.jaea.go.jp/02/press2021/p22013101 (accessed 15 February 2022).

Kiegiel, K. et al. (2022), “Management of radioactive waste from HTGR Reactors including spent
TRISO fuel - State of the art”, Energies, Vol. 15, 1099, https://doi.org/10.3390/en15031099.

Koltun, P., A. Tsykalo and V. Novozhilov (2018), “Life cycle assessment of the new generation
GT-MHR nuclear power plant”, Energies, 2018, Vol. 11, No. 12, 3452. https://doi.org/10.3390/
enl11123452.

Kunitomi, K. (2016), “E:RARFOENER" (Overseas development of HTGRs), 5 February 2016,
https://cigs.canon/event/report/uploads/pdf/160205_kunitomi_presentation.pdf.

Kunitomi, K, et al. (2002), "RTIWAyFERIFETOVIRUROIE, =R AFOFER" (Comparison of
pebble-bed type reactor and block type reactor, in New Development of High Temperature
Gas-Cooled Reactor), Journal of the Atomic Energy Society of Japan. Vol. 44, No. 12, pp. 22-24.

Sadhankar, R. (2019), Position paper on flexibility of Gen IV systems, Economic Modelling Working
Group, Generation IV International Forum, www.gen-4.org/gif/jcms/c_196767/position-
paper-on-flexibility-of-gen-iv-systems-r-sadhankar-final.

Sato, H. (2021), “Role of High Temperature Gas-cooled Reactor Technologies to Attain Carbon
Neutrality”, IAEA Technical Meeting on the Role of Nuclear Cogeneration Applications
Towards Climate Change Mitigation, 11-13 October 2021.

Sumita, J., S. Ueta, K. Kunitomi, S. Yoshimuta, and K. Sawa. (2003a), “Reprocessing technologies
for the high temperature gas-cooled reactor (HTGR) fuel”, Journal of the Atomic Energy Society
of Japan, Vol. 2, No. 4, 2003, pp. 546-554, https://doi.org/10.3327/taesj2002.2.546.

Sumita, J., K. Sawa, Y. Tsuchie, M. Urakami, and K. Kunitomi. (2003b), Study on Disposal Method
of Graphite Blocks and Storage of Spent Fuel for Modular Gas-cooled Reactor, Japan Atomic Energy
Research Institute, JAERI-Tech 2002-104. https://inis.iaea.org/collection/NCLCollectionStore
/_Public/37/002/37002572.pdf.

Mulder, E. (2019), “Xe-100: Aspects of Design Important to its Safety Considerations”, NCSU
Workshop, 17-18 August 2019.

24 HIGH-TEMPERATURE GAS-COOLED REACTORS AND INDUSTRIAL HEAT APPLICATIONS, NEA No. 7629, © OECD 2022


http://www.oecd-nea.org/upload/docs/application/pdf/2020-07/09hittnerni2050heatandcogeneration.pdf
http://www.oecd-nea.org/upload/docs/application/pdf/2020-07/09hittnerni2050heatandcogeneration.pdf
https://aris.iaea.org/Publications/SMR_Book_2020.pdf
http://www.iaea.org/publications/10978/processing-of-irradiated-graphite-to-meet-acceptance-criteria-for-waste-disposal
http://www.iaea.org/publications/10978/processing-of-irradiated-graphite-to-meet-acceptance-criteria-for-waste-disposal
http://www.iaea.org/publications/8270/high-temperature-gas-cooled-reactor-fuels-and-materials
http://www.iaea.org/publications/8270/high-temperature-gas-cooled-reactor-fuels-and-materials
http://www.icef.go.jp/pdf/2019/roadmap/ICEF_Roadmap_201912.pdf
https://doi.org/10.2172/991914
http://www.ipcc.ch/report/ar5/wg3
http://www.jaea.go.jp/02/press2021/p22013101/
https://doi.org/10.3390/en15031099
https://doi.org/10.3390/en11123452
https://doi.org/10.3390/en11123452
https://cigs.canon/event/report/uploads/pdf/160205_kunitomi_presentation.pdf
http://www.gen-4.org/gif/jcms/c_196767/position-paper-on-flexibility-of-gen-iv-systems-r-sadhankar-final
http://www.gen-4.org/gif/jcms/c_196767/position-paper-on-flexibility-of-gen-iv-systems-r-sadhankar-final
https://doi.org/10.3327/taesj2002.2.546
https://inis.iaea.org/collection/NCLCollectionStore/_Public/37/002/37002572.pdf

AN OVERVIEW OF HTGRs FOR INDUSTRIAL HEAT SUPPLY

NEA (2021), Small Modular Reactors: Challenges and Opportunities, OECD Publishing, Paris,
www.oecd-nea.org/jcms/pl_57979/small-modular-reactors-challenges-and-opportunities.

NEA/IAEA (2020), Uranium 2020: Resources, Production and Demand, Joint Report by the Nuclear
Energy Agency and the International Atomic Energy Agency, OECD Publishing, Paris,
www.oecd-nea.org/jcms/pl_52718/uranium-2020-resources-production-and-demand.

NIRO (2021), Advanced Modular Reactors Technical Assessment, Nuclear Innovation and Research
Office, United Kingdom, www.gov.uk/government/publications/advanced-modular-reactors-
amrs-technical-assessment.

NRC (2019), NRC Regulatory History of Non-Light Water Reactors (1950-2019), US Nuclear Regulatory
Commission, BNL-211739-2019-INRE, www.nrc.gov/docs/ML1928/ML19282B504.pdf.

Ohashi, H. (2021), “HTTR licensing experience and commercial modular HTGR safety design
requirements including coupling of process heat applications”, Towards innovative R&D in
civil nuclear fission, SNETP FORUM 2021, 2-4 February 2021.

U-Battery (2022), U-Battery corporate website, www.u-battery.com (accessed 2 February 2022).

Yan, X.L. et al. (2018), “Design of HTTR GT/H2 Test Plant”, Nuclear Engineering and Design, Vol. 329,
pp- 223-233, https://doi.org/10.1016/j.nucengdes.2017.10.009.

Yan, X.L. (2017), “HTGR Brayton Cycle Technology and Operations”, MIT Workshop on New
Cross-cutting Technologies for Nuclear Power Plants, Cambridge, United States, 30-31
January 2017.

Venneri, F. (2019), “Micro modular reactor (MMR) energy systems”, IFNEC Workshop, Warsaw,
24 September 2019.

Wrochna, G. (2017), Possibilities for deployment of high-temperature nuclear reactors in Poland, Report
of the Committee for Analysis and Preparation of Conditions for Deployment of High-
Temperature Nuclear Reactors, September 2017, Warsaw.

X-Energy (2022), X-Energy, corporate website, https://x-energy.com/ardp (accessed 2 February
2022).

HIGH-TEMPERATURE GAS-COOLED REACTORS AND INDUSTRIAL HEAT APPLICATIONS, NEA No. 7629, © OECD 2022 25


http://www.oecd-nea.org/jcms/pl_57979/small-modular-reactors-challenges-and-opportunities
http://www.oecd-nea.org/jcms/pl_52718/uranium-2020-resources-production-and-demand
http://www.gov.uk/government/publications/advanced-modular-reactors-amrs-technical-assessment
http://www.gov.uk/government/publications/advanced-modular-reactors-amrs-technical-assessment
http://www.nrc.gov/docs/ML1928/ML19282B504.pdf
http://www.u-battery.com/
https://doi.org/10.1016/j.nucengdes.2017.10.009
https://x-energy.com/ardp




POTENTIAL INDUSTRIAL APPLICATIONS OF HTGR HEAT

Chapter 3. Potential industrial applications
of HTGR heat

The previous chapter provided an overview of the technological features of high-temperature
gas-cooled reactors (HTGRs). This chapter will discuss a number of possible applications of this
technology and explore which industrial sectors have the potential to apply HTGR heat in the
near-term horizon.

3.1. Key aspects of potential markets for HTGR heat application

Global heat demand has been steadily increasing and has reached 207 exajoules (EJ)
(5.75 x 10* terawatt-hour [TWh]), accounting for half of global final energy consumption (IEA,
2020). Industrial heat represents about 50% of total heat demand in 2020, around 90% of which
depends on fossil fuels, a significant proportion of which requires high-temperature heat. For
example, at the European level, more than three-quarters of industrial process heat demand
is estimated to require temperatures above 250°C, more than half of which is in the 250-550°C
range (Bredimas, 2012). It implies a huge market potential for HTGRs as high-temperature
industrial heat sources.

Figure 3.1: Global heat demand and distribution by sector

Agriculture
3%

Global heat demand Industry
(2019) 50%
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Source: IEA, 2020.
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Figure 3.2: Distribution of heat demand by temperature class in Europe
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Source: Bredimas, 2012.

The potential application of HTGRs in different industrial sectors is mostly determined by

the following factors:

Process temperature: The process temperature of each industrial sector roughly informs the
applicability of HTGRs. HTGR heat is uniquely suitable for temperature ranges up to 700°C in
the near-term future, as discussed in Chapter 2. For higher temperature processes, further
engineering is required, possibly including temperature boost methods and material
development and qualification. Otherwise, HTGR heat can be used for preheating of raw
materials and intermediate products, which also require appropriate system adaptation.

Process compatibility: The difficulty in applying HTGRs as heat sources also depends on the
type of heat supply for each process, i.e. how heat sources can be connected to the industrial
processes. If the process heat is supplied via a heat transfer medium coming through steam
pipes, HTGR heat can be applied with relatively small engineering modifications, for example
by replacing existing steam boilers or cogeneration plants. In contrast, systems in which the
heat source is closely embedded in the process will require significantly higher engineering
efforts to apply HTGRs as alternative heat sources. Examples can be found in steel making
using blast furnaces, production of non-ferrous metals and of ceramics with direct-fired
furnaces.

Size of energy demand: The energy demand of an industrial facility or a group of
neighbouring facilities should be high enough to justify the deployment of a HTGR. A study
carried out in the European NC21-R project (Gradecka, Kiss and Auriault, 2015) indicates that
the energy demand of an industrial site in Europe is generally as high as the energy supply of
one or more large HTGRs. Such facilities regularly consume more than several hundred
megawatt thermal (MWth) of heat and sizeable amounts of electricity, so that relatively large
reactors with several modules could be an option. For less energy-intensive industries or
remote and isolated locations consuming less than 100 MWth of heat, so-called micro-
modular HTGRs may be the better-suited option.

Time duration of heat user: Some of the potential applications of process heat have limited
asset lifetimes, such as industries dependent on resource availability. Therefore, it is
important that the dedicated HTGR facility lifetime be compatible with the asset lifetime to
be connected.
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3.2. Potential applications of HTGRs for industrial processes

As mentioned above, the applicability of HTGR heat to each industrial facility depends on the
site and process characteristics of the facility, which vary greatly from one facility to another.
However, several studies have been conducted that give a general idea of the applicability of
HTGR heat for individual industrial sectors. The studies include the Next Generation Nuclear
Plant (NGNP) project (2006-2008, United States), the End User Requirement for Process heat
Applications with Innovative Reactors for Sustainable energy supply (EUROPAIRS, 2009-2011,
Europe), and various other studies on specific application of nuclear heat by the International
Atomic Energy Agency (IAEA) as well as academic researchers. The NEA has reviewed these
existing studies using the three major factors discussed in the previous section — process
temperature, process compatibility, and plant energy demand size! - to assess the potential of
near-term applications of HTGR heat across different industrial sectors. The following is a
summary of the assessment findings.

1) District heating (Typical process temperature [same below] 80-150°C) (Bredimas, 2014, 2012;
IAEA, 2017; IAEA, 2007)

There is extensive experience in utilising steam from conventional nuclear power plants for
commercial-scale district heating. HTGR steam can be used for this application as well. Energy
demand varies depending on the size of the network (from 10 MWth to over 1 000 MWth in
Europe). Since heat demand largely varies by season, HTGRs must be combined with other
applications (e.g. combined heat and power) in order to achieve sufficient capacity factors.
The required temperature is so low as to be supplied by a variety of other proven technologies,
such as waste heat recovery, heat pumps, or conventional nuclear reactors.

2) Seawater desalination (70-130°C) (Bredimas, 2014, 2012; IAEA, 2017; IAEA, 2007; INL, 2011a)

Seawater desalination is another sector where cogeneration of conventional nuclear power
plants has been used on a commercial scale. HTGR steam can be used for this application
as well. A typical desalination plant has a large heat and electricity demand, equivalent to
several hundred megawatts thermal or more. The required temperature is so low as to be
supplied by a variety of other proven technologies, such as waste heat recovery, heat pumps,
or conventional nuclear reactors.

3) Pulp and paper production (100-400°C) (Bredimas 2014, 2012; Roudier et al., 2015; Konefal
and Rackiewicz, 2008; IAEA, 2017)

As the majority of the heat demand in pulp production is met by the combustion of process
residues and waste heat recovery, there is not much room for the contribution of HTGR heat.
HTGR steam could substitute steam supply that covers remaining heat demand, most of
which is for the papermaking process. Some engineering consideration would be required to
accommodate a large fluctuation of heat demand in this process. The required steam
temperature is so low (approximately 150°C) as to be supplied by a variety of other proven
technologies, such as waste heat recovery, heat pumps, or conventional nuclear reactors.

4) Oil recovery from oil sands (Steam-Assisted Gravity Drainage, approximately 300°C) (INL,
2011b; Konefal and Rackiewicz, 2008; IAEA, 2019, 2017)

The steam-assisted gravity drainage (SAGD) process injects steam into the oil sands deposits
to extract bitumen. Currently, steam is supplied from fuel-fired boilers or cogeneration
plants via piping networks, which, as the steam conditions required are greater than 300°C
and 10 MPa, could be replaced by HTGRs. A typical SAGD facility has a constant heat demand
of several hundred megawatts and can accommodate one or more HTGR units, depending
on the reactor concept.

5) 0il recovery from oil shale (Approximately 500°C) (Dyni, 2004; INL, 2011c, 2010a; Kang, et
al., 2020; Speight, 2020)

1. The aspect of time duration of heat users is excluded here because the situation varied from site to site
and it is difficult to assess on an industry basis.
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The potential use of HTGR heat in oil recovery processes from oil shales has been studied in
both ex-situ and in-situ recovery processes. In the ex-situ oil shale recovery process, oil
shale ore is heated in the retort kiln to convert kerogen into shale oil and gas, and heat is
provided by the combustion of char. Given the temperatures required for this chemical
reaction, high-temperature steam, helium or nitrogen from HTGRs could be used to
substitute heat sources. However, this would require a significant redesign of the retort kiln.
The heat demand of a commercial-scale plant for this process could reach several hundred
megawatts thermal or more, enough to accommodate one or more HTGRs. In-situ oil shale
recovery uses steam for heating underground oil shale deposits to convert kerogen into
shale oil and gas, which is then extracted. The required steam conditions are in the range
of HTGR steam. However, a commercial-scale in-situ oil shale recovery site has not been
developed to date due to its economic disadvantage as compared to conventional oil or gas
field extraction.

6) Oil refining (350-550°C and 600-800°C for catalytic cracking process) (Bredimas, 2014, 2012;
Chaugny et al., 2015; Konefal and Rackiewicz, 2008)

The structure of oil refining varies greatly depending on the product mix and the crude oil
selected, but in general the energy demand, including heat and electricity, is high enough to
accommodate energy supply from HTGR cogeneration. In terms of heat demand, although
many processes are within the temperature range that is suitable for HTGR steam, the
majority of the energy is provided by the combustion of by-product oil and waste heat
recovery and the range that HTGR steam can supply seems limited. The availability of HTGR
steam is therefore limited and requires extensive retrofitting of the energy distribution system.

Since oil refineries are large industrial consumers of hydrogen, HTGRs could contribute to
decarbonisation of this sector through the supply of low-carbon hydrogen production,
which will be discussed later.

7) Chemicals production (250-600°C and 800-900°C for naphtha cracking process) (Bredimas,
2014, 2012; 1AE, 2020; IAEA, 2017; ICEF, 2019; Konefal and Rackiewicz, 2008; Wrochna, 2017)

The chemical industry has great potential for the use of HTGR heat, especially where different
production units are integrated into a large chemical complex. In chemical complexes, energy
demand of different chemical production facilities is aggregated, most of which is covered by
external steam supply, which is usually lower than 550°C. Considering the suitable steam
conditions and availability of existing steam pipe networks, HTGR steam can be used by
replacing existing fuel-fired boilers or cogeneration plants. Depending on the site, heat
demand is generally expected to be in excess of one or several hundred megawatts thermal,
which could accommodate the output of one or more HTGRs.

8) Soda ash production via Solvay process (300-400°C) (Bredimas, 2014, 2012; EC, 2007a)

Soda ash production requires a lot of thermal energy for the Solvay process, which is generally
supplied by steam from the cogeneration plant via steam pipelines at temperatures below
about 400°C. Since the required heat conditions are in the range of HTGRs and existing steam
networks are available, HTGRs can substitute the existing cogeneration plants. The heat
demand of a typical soda ash plant is a few hundred megawatts thermal equivalent, which is
enough to consume the output heat of HTGRs.

9) Aluminium production (100-300°C for alumina hydration and 800-1000°C for alumina
calcination) (Bredimas, 2014, 2012; Delgado Sancho et al., 2017; IAEA, 2019; Schad, 1992)

The aluminium production process consists of three major steps: 1) aluminium hydroxide
extraction from hydration of bauxite ore, 2) alumina production through calcination of
aluminium hydroxide, and 3) aluminium metal production through electric reduction of
alumina. At 1) the bauxite hydration step, HTGR heat can be used in the aluminium hydration
step to heat caustic soda or generate process steam, which requires up to 300°C temperature.
For 2) the alumina calcination, applying high-temperature helium from HTGR in combination
with electric heating in a fluid bed calciner has been proposed, but it requires significant
process modification. 3) The aluminium metal production step is a predominantly electric
process, for which the potential contributions of HTGR would be power generation rather than
heat supply.
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10) Ammonia production (Natural gas reforming route, 600-800°C for natural gas reforming and
400-500°C for ammonia synthesis) (Bredimas, 2014; EC, 2007b; ICEF, 2019; INL, 2010b;
Pattabathula and Richardson, 2016)

The major energy-consuming steps in the ammonia production process are 1) hydrogen and
nitrogen syngas production and 2) ammonia synthesis. 1) Hydrogen and nitrogen syngas
production through natural gas reforming will be discussed later in the next hydrogen
section. 2) Ammonia synthesis uses the Haber-Bosch method, which requires temperatures
of 400-500°C. Although the process is exothermic, energy input is required to compensate
for thermodynamic losses during the process, as well as to drive gas compressors, for which
HTGR steam could be used. As waste heat recovery is applied throughout the process, from
natural gas reforming to ammonia synthesis, engineering considerations regarding the
balance of the heat supply and consumption system will be required to incorporate the heat
supply of the HTGR. Although heat demand for high-temperature steam in existing
production facilities is not very large (around one hundred megawatt or so), the overall
energy demand, including electricity and heat from fuel burning, is equivalent to several
hundred megawatts.

11) Hydrogen production (Natural gas reforming route, approximately 750°C) (Bredimas, 2014;
INL, 2010c, 2010d; Konefal and Rackiewicz, 2008)

Currently, the vast majority of hydrogen is produced through natural gas reforming, which
requires temperatures of approximately 750°C. Given this higher temperature requirement,
HTGR heat could be used for preheating input stream entering into reformers. Aside from
the preheating approach, helium heated steam reforming using HTGR has been studied
since the 1970s, proven and qualified under nuclear conditions though it has not yet been
deployed at a commercial scale (Harth, 1990; IAEA, 2013). The typical heat demand of
existing hydrogen plants is not very large but the combined heat and power application of
HTGR could suit this process. It should be noted that hydrogen is expected to be produced
on a large scale as a low-carbon energy carrier in the future, which will expand opportunities
for HTGRs to contribute to this sector. Besides, advanced low-carbon routes of hydrogen
production are under development and demonstration, which may also provide an
opportunity for HTGRs to supply the input energy, as discussed further below.

12) Lime, glass, cement, ceramics, non-ferrous metal (800-1 500°C) (Bredimas, 2014, 2012;
Delgado Sancho et al., 2017, 2013a, 2013b; IAE, 2020)

The required process heat temperature in these sectors is much higher than the range of
HTGRs. Studies suggest that HTGR heat could be used for preheating raw materials to
complement heat supply, but it would still require process redesign, which may be significant
in some cases, and the scale of supply may be only partial. A more detailed analysis is needed
to understand potential applications of HTGR heat in these sectors.

13) Iron and steel making (1 300-2 500°C) (Bredimas, 2014; INL, 2011d; IAE, 2020; Kasahara et al.,
2014)

Conventional steelmaking processes (e.g. blast furnace, direct smelting) are considered
impractical to apply HTGR heat because they require much higher temperatures and are
incompatible with external steam supplies. Studies suggest that HTGR heat could be used
for preheating of air for blast furnace. A future potential application of HTGR in this sector
is the supply of hydrogen and heat for direct iron ore reduction. This is currently under
development and demonstration in several countries.

Table 3.1 shows potential near-term process heat applications of HTGRs and the temperature
window in which heat has to be delivered to them. In most cases, the admissible temperature
window of a process is not identical to the temperature window in which a heat source will deliver
its heat. This means that for optimum use of the generated heat, cogeneration of more than one
energy product is necessary, such as electricity and process steam at different temperatures. For
example, a previous German study proposed a system in which the thermal energy of helium gas
at 850°C produced in HTGRs is consumed in three different processes of alumina production in
order of temperature requirement: 1) an alumina calcination, 2) steam production for power
generation and 3) a molten salt heating for bauxite reduction, with helium gas inlet temperatures
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of 850°C, 680°C and 419°C respectively (Schad, 1992). With an HTGR as the heat source, low-
temperature processes only make sense as bottoming applications that use waste heat from other
high-temperature applications, such as power generation.

In principle, any heat source could be used for any temperature range if considering the
thermodynamic options of re-heating and superheating using a variety of temperature boost
methods. However, the higher the temperature level (exergy) of the heat source, the lower the
required engineering effort, system complexity and cost, and the higher the achievable efficiency,
which is why HTGR heat is considered particularly suitable for high-temperature process heat

applications.

Table 3.1: Potential near-term applications of HTGRs in different industrial sectors

Industr Typical process Possible near-term
Y temperatures application

District heating

Seawater
desalination

Pulp and paper
production

Oil sands (SAGD)

Oil shale (ex-situ
retorting)

QOil refining

Chemicals

Soda ash production
(Solvay process)

Aluminium
production

Ammonia
production (Natural
gas reforming)

Hydrogen
production (Natural
gas reforming)

Lime, Glass, cement,
ceramics, non-
ferrous metal

Iron and steel
making

80-150°C

70-130°C

100-400°C
Approx. 300°C
Approx. 500°C

350-550°C
600-800°C (Catalytic
cracking)
250-600°C
800-900°C (Naphtha
cracking)

300-400°C
100-300°C (Alumina
hydration)

800-1 000°C (Alumina
Calcination)

600-800°C (Natural gas
reforming)

400-500°C (Ammonia
synthesis)

Approx. 750°C

800-1 500°C

1300 -2 500°C

“Plug-in”

“Plug-in”

“Plug-in”
“Plug-in”

“Plug-in”

“Plug-in”

“Plug-in”

“Plug-in”

“Plug-in”

Preheating of
feedstock

Helium heated
reforming

Preheating of
feedstock

Helium heated
reforming

Preheating of
feedstock

Preheating of
feedstock

Existing steam pipelines available
Bottoming applications

Existing steam pipelines available
Bottoming applications

Specific engineering efforts required (volatile heat
load)

Existing steam pipelines available
Significant engineering efforts required for main

processes redesign (retort kiln)

Specific engineering efforts required (heat system
balance)

Existing steam pipelines available

Existing steam pipelines available

Specific engineering efforts required (heat system
modification)

Specific engineering efforts required (heat system
modification)

Contribution will be limited

Main processes need to be redesigned (steam
reformer), but technology already available

Specific engineering efforts required (heat system
modification)

Contribution will be limited
Main processes need to be redesigned (steam
reformer), but technology already available

Further analysis is required

Further analysis is required

Industries that require a low level of engineering effort to integrate HTGR heat.

Industries that require a middle level of engineering effort to integrate HTGR heat.

Industries that require significant engineering effort to integrate HTGR heat or further analysis.
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Overall, for commercially proposed HTGRs the most promising near-term and large-scale
application is steam supply (typically 550°C), which is used as a commodity on many industrial
sites, both as heat carrier and reactant. The market for this product is considerable in most
industrialised countries. Currently, this steam is supplied almost exclusively by fossil fuel-fired
boilers or cogeneration plants, thus representing a significant CO. abatement possibility. The
availability of the existing steam networks and backup capacities also help HTGRs to take part in
high-temperature steam supply to these industrial sectors (“plug-in applications”). In this respect,
the preliminary assessment confirmed that district heating, seawater desalination, oil sands
recovery using SAGD, chemical production, and soda ash production are in the most favourable
conditions for near-term applications of HTGR heat. District heating and seawater desalination
require only lower temperatures (< 150°C), so these processes could either be used as bottoming
applications in cogeneration plants or use other low-carbon heat sources such as conventional
nuclear power plants, waste heat recovery, or different types of heat pumps. In terms of higher
temperature steam supply, the potential application of HTGR heat to chemical production and oil
sands recovery has been studied extensively in Europe and Canada, respectively, due to their large
market opportunities in addition to the process compatibilities discussed above. In Europe,
chemical production is one of the major consumers of steam with a temperature around 500°C,
typically supplied by steam networks (Bredimas, 2014). In many cases, chemical plants in Europe
operate in large industrial complexes that form intense steam demand across more than
100 industrial complexes (Flitterer, 2017). For example, in Poland, the top 13 industrial sites receive
steam through the steam networks from gas and coal boilers with a total capacity of 6 500 MWth,
in which the majority of the sites have around 350 to 850 MWth capacity and one of the largest
sites has over 2 000 MWth capacity (Wrochna, 2017). Chemical products manufactured in these
sites range from saltpetre to urea, polyamide, hydrogen peroxide and ammonium sulphate (ibid.).
In Canada, SAGD is the most popular technique for in-situ bitumen extraction from oil sands. In-
situ recovery methods are used to recover bitumen from oil sands deposits at great depths (deeper
than 75 metres below ground), which makes 80% of Canadian oil sand reserves accessible
(Government of Canada, 2016). The amount of bitumen recovered by the in-situ method was
1.5 million barrels per day (bpd) in 2021 (CER, 2022), and the energy demand for in-situ SAGD
facilities with such a level of production is approximately 26 GWth?. The estimation includes the
total heat demand for the production of steam for extraction and electrical power used on-site for
the brownfield production. Due to electricity grid connections and differing facility sizes, asset
lives and locations, this is considered a large market opportunity to replace thermal demand with
alternative heat sources. Additionally, the production from in-situ bitumen recovery is expected
to increase 2.7 million bpd by 2050 (CER, 2022), equivalent to 47 GWth of heat demand.

Ammonia and hydrogen production offer a large potential for the application of HTGR heat in
the medium to long-term. Demand for ammonia and hydrogen as storable energy carriers is
expected to grow significantly. In a conventional natural gas reforming route to produce ammonia
or hydrogen, the HTGR heat could be used for preheating of the feedstock or for a helium heated
reforming process, thereby reducing fuel combustion and associated CO: emissions. However, this
method does not reduce process-related CO2 emissions, which are derived from the feedstock
natural gas and account for about 60% of the CO, emissions associated with hydrogen production
using natural gas reforming (Muradov, 2015). The process-related CO. can be reduced by the
introduction of carbon capture, use and storage (CCUS), but the United Kingdom Committee on
Climate Change (CCC, 2018) has warned that given the expected performance of CCUS and the
significant growth for hydrogen demand in the future, unavoidable CO; emissions from CCUS
systems could still have a significant impact on climate change. Further opportunities for HTGR
heat to contribute to the production of very-low-carbon hydrogen or ammonia through High-
Temperature Steam Electrolysis (HTSE) and thermo-chemical cycles routes have been suggested
(IAEA, 2013; INL, 2010b, 2010d; NEA, 2010). These processes split water molecules using a
combination of heat and electricity. Provided that the source of energy for heat and electricity
generation is carbon-free, those processes lead to very low CO2 emissions. Besides, these advanced
processes are expected to achieve higher overall energy conversion efficiency than low-
temperature electrolysis route, which is currently in commercial-scale demonstration phase (NEA,

2. According to Canada’s Oil Sands Innovation Alliance, a reference in-situ SAGD facility that produces
33 000 barrels of oil (bitumen) per day requires 575 MWth for the heat and electricity for bitumen extraction.
By using a simple calculation, 1.5 million bpd of bitumen extraction gives the equivalent of 26 GWth.
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2021). However, HTSE and thermo-chemical cycle routes remain at the stage of technology
demonstration and development, respectively, and should be considered as medium to long-term
opportunities for HTGR. Since the required temperature for these processes is above 650°C for
HTSE and approximately 850°C for thermo-chemical cycles, further development of coupling
technology, temperature boost methods or increased reactor outlet temperature would be
required.

It should be noted that these preliminary studies are mostly on theoretical applicability and
in most cases do not consider site-specific issues, such as structural configuration, geology and
topography, licensing and other constraints, and the surrounding social conditions of actual
industrial facilities.

3.3. Competitiveness with other low-carbon heat providers

Actual market opportunities for HTGRs as alternative heat sources depend also on the
availability of competing technologies. For the temperature range of HTGR heat supply, up to
700°C or 900°C in the future, there are several low-carbon technology options, including fossil
fuel boilers with CCUS, bioenergy, concentrated solar thermal, hydrogen and synthetic fuel, and
electric heating using low-carbon electricity (Figure 3.3). At the time of writing this report, all of
these low-carbon and high-temperature heat supply technologies were still under development
and have yet to be commercialised on an industrial scale. The availability and economy of these
competing technologies relies on access to the necessary resources at the required large scale,
such as cheap low-carbon electricity including renewables, suitable geological conditions for
CO; storage, and sustainable biomass. Thus, HTGRs will be a more promising low-carbon
alternative heat source in areas where access to these resources is limited. As discussed earlier,
industries with process temperatures lower than 250°C can be addressed by cogeneration of
conventional nuclear reactors. Conventional nuclear cogeneration is a proven technology with
over 50 years and 750 reactor-years of operating experience worldwide (IAEA, 2019), and can be
considered an already viable option for industrial decarbonisation for this temperature range.?

Figure 3.3: Low-carbon heat technologies and temperature available
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3. Inall cogeneration applications of conventional nuclear reactors, heat use was only a small fraction of
the reactor power and it was mostly used as a bottoming cycle application. The same approach can be
applied to HTGRs.
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Chapter 4. Challenges of HTGRs for industrial heat supply

There are many studies indicating the technological maturity of high-temperature gas-cooled
reactors (HTGRs) and their potential market opportunities for industrial process heat applications,
as discussed in the previous chapters. However, this technology has not yet been rolled out,
mainly due to the availability of rather inexpensive fossil fuel, in particular natural gas. This
chapter addresses the remaining challenges to overcome before HTGRs can be used for industrial
heat applications.

4.1. Ensuring safety of coupling and collocation

As discussed in Chapter 2, HTGRs are equipped with enhanced safety features and their reliability
has been confirmed by the satisfactory operating results of several test reactors. In addition to the
robustness of the nuclear reactor system itself, when it comes to deploying HTGRs for industrial
process heat supply, the specific safety considerations associated with coupling HTGRs to
industrial processes must be taken into account in design, licensing and operation.

4.1.1. Avoidance of cross-contamination

This includes preventing unintended infiltration of radioactive substances from the nuclear
facility to the industrial facility and that of corrosive or other substances from the industrial
facility that could affect the operation or structural integrity of the reactor. In this respect, all
HTGR concepts offering potential industrial process heat supply functions propose heat transfer
via at least one intermediate heat circuit with intermediate heat exchangers or steam
generators/reboilers, which separate the heat distribution line to the industrial process from the
primary reactor coolant circuit (IAEA, 2020). This separation, combined with the appropriate
implementation of monitoring programmes, can limit or exclude contamination of radioactive,
corrosive, or other harmful substances between the nuclear and the industrial plant
(Verfondern, 2007; Kunitomi, 2007).

Tritium, which is mainly produced in the reactor core, may permeate the boundary of the
intermediate heat exchanger into the secondary circuit due to its small particles. However,
tritium contamination of the industrial processes is considered insignificant because most
tritium is deposited into the graphite core structure or removed by online coolant purification;
no significant tritium contamination has been experienced so far in the operation of district
heat supply and desalination using conventional nuclear plants (Fiitterer, D’Agata and Raepsaet,
2016; IAEA, 2019; Verfondern, 2007).

4.1.2. Management of thermal disturbance

Fluctuation in the thermal load in the industrial facilities, which is caused by the start-up and
shutdown of the processes as well as malfunctions of equipment, could be transferred to the
primary coolant circuit of the HTGR. The resulting temperature fluctuations in the primary
coolant must be kept within the technical limits for reactor operation. The impact of such
external thermal disturbances on the nuclear reactor can be avoided by controlling the primary
coolant flow, maintaining a sufficient thermal capacity of the secondary circuit, and installing
thermal absorbing mechanisms, such as thermal storage and external heat exchangers
(Sadhankar, 2019; Ohashi, 2006; GFP, 2019). Design and HTGR licensing cases need to carefully
consider how to isolate impacts to the nuclear island from the industrial facility. If changes in
thermal load in the industrial facility impact the nuclear reactor operation and therefore need
to be considered or included as part of the nuclear licence, this would greatly complicate the
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project. Heat storage technologies could be used to separate the nuclear reactor system from
thermal disturbances by heat load from industrial sites. Such technologies are currently
employed on a commercial scale for concentrated solar power systems up to 600°C, and
advanced technologies that could operate with higher temperatures, of 750°C and higher, are
under development (Forsberg, Sabharwall and Sowder, 2020).

4.1.3. Protection against external hazards

In order to install HTGRs in close proximity to industrial facilities, appropriate protective
measures must be taken to avoid safety-relevant impacts between the conventional and the
nuclear facilities. The types and magnitudes of potential hazards depend on the characteristics
of the facility or processes, and the choice and design of protective measures must comply with
the industrial and nuclear regulatory requirements of respective regions. Thus, site-specific and
process-specific analysis and evaluation are essential to understand the technical feasibility of
coupling and locating HTGRs close to industrial facilities. For example, the types of potential
events considered upon designing the Next Generation Nuclear Plant (NGNP) project in the
United States were fires, explosions, vapour cloud releases that could produce fuel air mixtures,
hazardous chemical releases, and combustible or toxic material propagation (IAEA, 2017). As
another example, Verfondern et al. (2017) and Smith (2006) analysed the potential impact of an
explosive cloud from hydrogen production on an HTGR and suggested that a safe arrangement
of the HTGR and the hydrogen production facility could be achieved already with a separation
distance of about 120-150 metres (m), or less than 100 m when using protective deflector berms
against blast and leakage gas migration. In addition, many HTGR designs enable below-grade
installation, which would further reduce mutual vulnerabilities.

4.2. Licensing of coupling and collocation

The distinction of the jurisdictional scope of nuclear and other industrial regulation over
connected and sited facilities, and the clarification of boundary condition requirements between
areas under different regulatory jurisdiction, will provide the basis for developing specific system
configurations and industrial schemes for the integration of HTGRs into industrial processes. Such
a regulatory scheme has not yet been established, but several studies have suggested its future
viability. Examples include the work carried out within the NGNP project in the United States,
which proposed distinctions and boundary conditions between nuclear-regulated and non-
nuclear-regulated areas based on US nuclear regulatory requirements (INL, 2011). Furthermore,
locating a HTGR close to the industrial process heat users might require special licensing and
engineering considerations. Addressing these issues requires the involvement and co-operation
of all relevant government agencies and industrial players, not just those involved with nuclear
regulation and operation but also those with conventional industries.

A near-future initiative related to this issue is the Japan Atomic Energy Agency (JAEA) HTTR
heat utilisation test, which plans to couple the HTTR with hydrogen production processes in the
late 2020s to demonstrate the ability to license such systems (Sato et al., 2021). These experiences
of conventional nuclear cogeneration and the result of the JAEA’s test project will serve as a
benchmark for future licensing activities of coupling and co-location of HTGRs and industrial
processes.

4.3. Other operational requirements

For the HTGR to become an alternative heat source option for end users, it must meet the heat
supply requirements for their processes with a high degree of availability. Typically, large
industrial users need heat supplies with close to 100% capacity factor. These high capacity
factors are in principle favourable for the use of nuclear power for this purpose both from a
technical and economic point of view. They can be ensured by installing or maintaining existing
conventional backup capacity or by using multiple units of heat sources (IAEA, 2019). Periodic
outages for refuelling, maintenance and inspections on the conventional and nuclear side need
to be synchronised in the system design integrating HTGRs and industrial processes. Some
HTGR concepts propose online refuelling or entirely avoiding the need to refuel over the lifetime
of the reactor (see Table 2.1 in Chapter 2), which means that outages are then mainly dictated
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by in-service inspection obligations on the nuclear site and similar requirements on the
conventional side.

Depending on the end-user application, the heat supply to industrial facilities must be flexible
enough to accommodate load change and fluctuations anticipated through normal process
operation (IAEA, 2017, 2019; GEMINI+, 2021; Hittner, 2017). HTGRs have a higher degree of flexibility
and manoeuvrability than conventional nuclear reactors (Sadhankar, 2019). It is also proposed to
apply combined heat and power supply systems or to use molten salt as a secondary heat carrier
with a certain storage capacity so that the systems offer flexible process heat output while keeping
the reactor power constant (IAEA, 2017; GFP, 2019).

A high degree of system reliability is also essential with regards to investment protection of
the end-user facilities. Insurance companies for conventional industrial facilities impose strict
constraints and the consequences for a plant coupled to a nuclear reactor would need to be
determined, probably on a case-by-case basis. In this respect, for example, the design
requirements for the HTGR in the NGNP project, which was developed while taking into account
requirements from end-user perspectives, say that the risk of events that would lead to an
outage of over six months should be less than 10 per plant year and the frequency of events
that would lead to faulted plant conditions less than 10 per plant year (IAEA, 2017).

4.4. Cost and schedule predictability

As discussed in Chapter 2, there is limited information available on the costs of construction,
operation, and integration into industrial processes of HTGRs. Some leading demonstration
projects in the United States and Canada, which aim to start operation in late 2020s (see
Section 2.4), will provide important new information about the construction and operation of
HTGRs. Given that HTGRs can be flexibly designed (e.g. reactor output scale, cogeneration mode)
to meet the size and performance requirements for multiple industrial customers, HTGRs could
potentially also cater to larger markets, potentially benefitting from economies of scale.

In addition to cost uncertainties, uncertainties related to the future timeline make it difficult
for industrial sectors to include HTGRs as part of their future decarbonisation strategies (Bragg-
Sitton, 2021). The major timeline uncertainties include uncertainties about the time required
for licensing and construction to integrate HTGRs into industrial processes. According to Hittner
(2017), most of the key technologies required for the design and licensing of HTGR heat supply
systems, such as materials, equipment structures, fuel design and modelling, are already
sufficiently mature to be used in industrial applications. In respect of licensing and construction
lead time, the latest case of HTGR construction, HTR-PM in China, was completed within nine
years from the start of the construction to the grid connection for commissioning (IAEA, 2020).
Some HTGR vendors have proposed HTGR projects with a licensing and construction time of
around seven years (GFP, 2019; X-Energy, 2020). However, since so far there is no project
involving an HTGR combined with industrial processes that has been licensed by national
regulatory bodies, completed and operated, it is not easy to obtain a confident outlook on the
time required for the licensing and construction of a HTGR for industrial heat applications.

4.5. HTGR fuel supply chains

Another uncertainty is the future availability of the supply chain. One of the most pressing issues
is the development of high-assay low-enriched uranium (HALEU) fuel supply capacity. HALEU fuel
has uranium enrichment levels between 5% and 20%. It so far has been used only for limited
applications, such as for research reactors and medical radioisotope production (NEA, 2021a). The
demand for HALEU fuel, however, is expected to dramatically increase in the coming decades,
along with the growing interest in advanced nuclear reactors that rely on HALEU fuel technology
(see Box 1). Since HALEU fuel is not produced in sufficient amounts to allow for large-scale HTGR
deployment, the development of HALEU enrichment,* as well as other supply chain capacity, such
as reconversion, transportation, and fabrication, is crucial to support the development and

1. Asof the writing of this report, only the Russian Company TENEX provides commercial HALEU enrichment
services.
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deployment of HTGRs. The US Department of Energy has launched an initiative to ensure the
availability of HALEU fuel, including a commitment for Centrus, a US supplier of nuclear fuel and
services (currently having the only licensed HALEU production facility in the United States), to
demonstrate commercial-scale production by 2022 (DOE, 2021a).

Tri-structural isotropic (TRISO) fuel fabrication has been conducted in Japan and China to
supply fuel assemblies for their research and demonstration HTGRs (WNA, 2021; NFI, 2022). Efforts
to develop TRISO fuel fabrication capacity on a commercial scale have also been undertaken by
companies such as BWXT, Nuclear Fuel Industries, Ltd., X-Energy and Ultra Safe Nuclear
Corporation (WNN, 2021a, b, 2020; JAEA/NFI, 2019). Efforts in this area are also undertaken by the
United Kingdom and Poland (Arnold, 2021; Sobolewski, 2021), and France has regained interest in
the subject.

4.6. Stakeholder acceptance

In order to reduce the heat losses during transportation and the construction costs of transport
lines, industrial process heat sources are required to be as close as possible to the heat demand
sites, which can sometimes be near population centres. The coupling of the HTGR to industrial
processes requires the understanding and mitigation of possible combined hazards from a nuclear
reactor with, for instance, a chemical plant. Therefore, efforts have to be made to address potential
concerns of using HTGRs, involving wider stakeholder perspectives than those considered for
nuclear power plants, which are usually located far from industrial and residential areas and have
no physical connection. Along with ensuring the highest levels of nuclear safety and
environmental protection, the development of effective public communication about the
advanced safety features of HTGRs, their applications in industry and their societal benefits, such
as contribution to climate change mitigation, energy security, and national and local economies,
will be required (NEA, 2021b).

Box 1: Challenges in HALEU fuel availability

HALEU fuel is being considered in many advanced nuclear reactor concepts, including some proposed
small modular reactors?, along with several accident-tolerant fuel concepts for conventional light water
reactors. This points already to a potentially rapid increase in demand for HALEU fuels in the coming
decades. The Nuclear Energy Institute (NEI, 2021) projected that HALEU demand in the United States and
Canada will start to increase from the mid-2020s for some demonstration projects of advanced reactors,
reaching around 600 tonnes of uranium per year by 2035 (Figure B.1.1).

Downblending and reprocessing of used research reactor fuels and high-enriched uranium reserves in
the United States and Russia could be used for HALEU fuel supply to support some projects in the near
term (NEI, 2022). However, due to the limited availability of such uranium resources and the large
potential future demand, the development of further HALEU enrichment capacity is essential. The
development of HALEU production capacity requires a huge upfront investment and long lead times,
several years or more, including regulatory certification (ibid.). Therefore, visibility on both the wide
adoption of such advanced nuclear reactor technologies and the availability of HALEU fuel are necessary
to reduce market risks and uncertainty and encourage private investment. To address these challenges,
the US DOE is creating a new programme to ensure HALEU fuel availability (DOE, 2021). In addition, as
the use of HALEU fuels spreads around the world, other nuclear fuel cycle infrastructure, including
transport and waste management, may need to be developed and adjusted (NEA, 2021a).

42

2. Small modular reactors are generally defined as nuclear reactors with electrical power outputs of up to
300 megawatts. Such reactor concepts are of increasing interest due to their technical features, which
enhance construction predictability, potentially reduce construction costs and delivery times, and
could provide a higher level of safety (NEA, 2021a).
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Figure B.1.1: HALEU demand projection in the United States and Canada
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Source: NEI, 2021.
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Chapter 5. Conclusions

HTGR could be a technical solution for industrial sector decarbonisation through
low-carbon heat supply as well as electricity generation

In order to achieve a carbon-neutral society, it is essential to decarbonise the industrial sector,
which accounts for about a quarter of global energy-related carbon dioxide (CO2) emissions.
However, the industrial sector is a hard-to-abate sector mainly due to the lack of technology
options currently available to meet high-temperature and large-scale heat requirements and
the fierce competition in the commodity market. The HTGR is a mature form of technology that
could provide a stable supply of high-temperature heat, supported by a long development effort,
including the operating experience of several test and demonstration reactors. HTGRs could
deliver heat (e.g. 550°C steam or gas at even higher temperatures) and could be flexibly designed
to meet different requirements in size and performance for industrial applications (GEMINI+,
2021), which could cover a portion of the heat market and result in a reduction in fossil fuel use
and greenhouse gas and other emissions. Studies (Fiitterer, 2017; IAEA, 2017) suggest the market
size for nuclear heat in this temperature range is of several hundred cogeneration reactors,
which points to the potential for HTGRs to gain economy of scale through a fleet approach. With
some penalties in efficiency, HTGRs could deliver even higher temperatures of low-carbon
process heat by using temperature boost technologies, such as electric heaters and fuel-fired
burners. The enhanced safety features and the flexibility in terms of design, operation and
deployment enable HTGRs to meet a wide range of operating and site requirements at hundreds
of industrial facilities worldwide.

The availability of steam pipeline systems connected to industrial facilities provides
the nearest-term opportunities for HTGR heat application

The applicability of HTGR heat in any industrial sector depends on the characteristics of the
processes and facilities used, and therefore requires process- and site-specific analysis. This
report provides a preliminary assessment of the applicability of HTGR heat to each industrial
sector, focusing on the process temperature range, process compatibility, and scale of site
energy demand. The results suggest that sectors in which facilities are supported by external
steam supply via a pipeline system represent the greatest opportunities for HTGR heat
application, with the lowest technological barriers. Such sectors include district heating,
seawater desalination, bitumen recovery from oil sands, chemical complexes, and soda ash
production. These sectors could be decarbonised rather quickly by replacing existing fossil fuel-
fired steam boilers and cogeneration plants with HTGRs in cogeneration mode where part of the
nuclear heat is converted to steam and another to electricity or other energy products required
on the site. Other sectors could be added at a later stage and require further efforts to integrate
HTGR heat supply, such as significant process redesign, development of new technologies, and
aggregation of heat demand.

The development of advanced hydrogen production and VHTR technologies could
open further opportunities for HTGR heat application for low-carbon hydrogen and
ammonia production

Amid efforts to achieve a carbon-neutral society, demand for low-carbon hydrogen and ammonia,
as feedstock or energy carriers, is expected to soar in the next few decades; the associated energy
demand to produce these commodities will be much larger and concentrated. In a first step, steam
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produced from HTGRs could reduce the CO: intensity of steam methane reforming by about
15-30% (Fiitterer, 2021; INL, 2010a). However, given the large amount of remaining CO. emissions
and the dramatic expected increase in demand for hydrogen, ammonia and synfuel in the future,
a more thorough decarbonisation approach is required. This could be achieved by using HTGRs
for low-carbon hydrogen production, e.g. using High-Temperature Steam Electrolysis (HTSE) or
thermo-chemical cycles, which are currently under development or demonstration. For the longer
term, there is potential to use the heat above 900°C that is generated by very high-temperature
gas-cooled reactors (VHTRs) to further increase the efficiency and competitiveness of nuclear heat
applications.

Further work needed on site- or process-specific analysis and demonstration of
coupling HTGRs to industrial processes

Despite many studies indicating the ability of HTGRs to provide industrial high-temperature
process heat, no HTGR has so far been connected to an industrial process for this purpose, so it
is yet to be demonstrated in practice how this technology can be applied to facilities while
ensuring nuclear safety. The reasons for this lie mainly in the availability of relatively cheap
fossil fuels and insufficient incentives to reduce carbon emissions (Flitterer, 2021; INL, 2010b).
This is currently changing and may bring HTGRs into the centre of the debate, recognising the
technology as an effective means for decarbonisation of industrial applications. Discussions at
the NEA workshop “High-temperature reactors and industrial heat application” in October 2021
(NEA, 2021) implied that, despite the notion that some industrial players are becoming
interested in HTGR technology, uncertainties persist over a range of issues. These include
uncertainties in the compatibility with existing processes and facilities, the cost and time to
deployment, and regulatory implications, inhibiting industrial players from taking further steps
into HTGR demonstration and deployment. Beyond the capacity of HTGRs themselves, technical
and economic feasibility studies on the whole system, taking into account the coupling and
collocation of HTGRs with real industrial processes and facilities, will help industrial players to
clear these uncertainties and fully quantify the applicability and benefits of this technology.
These studies need to be updated regularly to account for changes in economic and policy
boundary conditions such as soaring fossil fuel prices, climate change mitigation and energy
security. The planning and execution of demonstration projects using actual facilities is
considered a way towards the roll-out of nuclear cogeneration technology with HTGRs.

Involving a wider range of stakeholders will be key to taking the next steps in
development

The above-mentioned challenges cannot be addressed simply by efforts in nuclear technology
research and development. Co-operation between experts in nuclear technology and interested
industrial sectors is essential to understand the potential interaction between nuclear energy and
industrial facilities, and to design and evaluate the overall system. At the same time, in certain
countries nuclear-related topics are sometimes sensitive to discuss openly, and there are some
industries that may be hesitant to engage in such topics because of the potential adverse impacts
on their relationships, including with supply chain partners and local stakeholders. In this respect,
research institutes that provide scientific and technological information as well as industrial
associations will play an important role in bridging the gap between nuclear experts and
individual companies in the early stages by sharing knowledge and possibly discussing specific
matters. Needless to say, it is also essential to continue efforts to improve public understanding
of the technical features and potential benefits of HTGR technology.

Clarification and co-ordination of nuclear and other industrial regulations is essential
to establish a sound industrial scheme of HTGRs for industrial heat applications

The jurisdictional scope and boundary requirements of nuclear and other related industrial
regulations with regard to the connection of HTGRs to industrial processes have a significant
impact on the system configurations and business schemes. Although some studies have
suggested such a connection is feasible with respect to nuclear safety and proposed a potential
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licensing pathway, there are so far no actual cases that establish a clear regulatory scheme
specifically for connecting nuclear heat sources to industrial processes in close proximity.
Addressing this issue requires the communication and co-operation of all relevant government
agencies and industrial players in a project. Such cross-sectorial engagement from an early
stage of the project planning will contribute to the effective development of industrial schemes
and system configurations, resulting in the successful completion of such projects.

The timely development of a HALEU fuel supply chain is crucial for HTGR use for
industrial applications

The demand for high-assay low-enriched uranium (HALEU) fuel, on which currently proposed
commercial HTGRs rely, is projected to start increasing from the mid-2020s and reach a
substantial level by 2035 (NEI, 2021), reflecting growing interest not only in advanced nuclear
reactors but also in accident-tolerant fuels for conventional light water reactors. However, there
is not sufficient supply chain capacity to support such a high level of future demand. Therefore,
the development of HALEU fuel supply capacity, including enrichment, reconversion,
transportation, and fabrication, is crucial to support the development and roll-out of HTGRs and
other advanced nuclear technologies. Given the considerable upfront investment and lead time
required to build additional or new HALEU enrichment and other relevant industrial capacities,
clear prospects regarding both the widespread use of such advanced nuclear reactor technologies
and the availability of HALEU fuel is necessary to reduce market risks and uncertainty and
encourage private investment.

Government commitment to decarbonisation policy and the provision of predictable
and effective incentive schemes is essential

In addition to building proper regulatory frameworks, governments can encourage industrial
sectors to engage in the development and deployment of this deep decarbonisation technology
by improving the stability and predictability of the business environment. As the industrial heat
application of HTGRs has not yet been demonstrated, it will take a considerable amount of effort
and investment over a long period to launch and complete the development of industrial heat
applications for HTGRs before it can achieve a sizeable impact. Besides, the limited real market
experience of these new applications, the high capital costs generally associated with nuclear
projects, and the long asset lifetime of HTGRs and industrial facilities make the decision to
invest in this technology difficult. The development of supply chains, in particular for HALEU
fuel, also requires significant upfront investment and must be implemented in a timely manner
so as not to impede the deployment of HTGRs and other innovative nuclear technologies. For
such large long-term infrastructure investments, a government commitment that reduces risk
is thus essential for the private sector and investors to engage in such projects. On a more
practical level, market programmes and subsidies to support low-carbon technologies will play
an important role in providing industry with visibility on the potential revenue to be earned
from carbon-neutral technologies.
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High-temperature Gas-cooled Reactors
and Industrial Heat Applications

Reducing industrial carbon emissions is one of the most difficult challenges on the path to net zero
by 2050 due to the magnitude of greenhouse gas emissions from the industrial sector and technical
requirements for heat in addition to power. High-temperature gas-cooled reactors (HTGRs) are a
promising Generation IV nuclear technology that can supply process heat for a variety of industrial
applications.

The Nuclear Energy Agency investigated the potential and limitations of HTGRs for industrial heat
applications. This study reviews the technical features and development status of HTGRs as a low-
carbon heat source and explores how this technology could meet the process heat requirements of
different industrial processes. It revealed the potential industrial applications of HTGR heat in the near
term as well as further opportunities in the medium to long term while identifying the remaining
challenges for the industrial deployment of this technology.
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