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ABSTRACT
Proponents of high temperature gas cooled reactors argue that
the reactor type is inherently safe and that severe accidents with
core damage and radioactive releases cannot occur. The argu-
ment is primarily based on the safety features of the special form
of the fuel. This paper examines some of the assumptions under-
lying the safety case for high temperature gas cooled reactors and
highlights ways in which there could be fuel failure even during
normal operations of the reactor; these failures serve to create a
radioactive inventory that could be released under accident con-
ditions. It then describes the severe accident scenarios that are
the greatest challenge to high temperature gas cooled reactor
safety: ingress of air or water into the core. Then, the paper offers
an overview of what could be learned from the experiences with
high temperature gas cooled reactors that have been built; their
operatinghistory indicatesdifferencesbetweenactual operations
and theoretical behavior. Finally, the paper describes some of the
multiple priorities that often drive reactor design, and how safety
is compromised in the process of optimizing other priorities.

Introduction

Oneof the strong selling points ofHighTemperatureGas cooledReactors (HTGR) is
what is sometimes called inherent safety.1 For example, a group involved in design-
ing the Chinese HTGR asserts: “The inherent safety features of modular HTGR
power plants guarantees and requires that under all conceivable accident scenarios
the maximum fuel element temperatures will never surpass its design limit temper-
ature without employing any dedicated and special emergency systems [e.g., core
cooling systems or special shut-down systems, etc.]. This ensures that accidents [e.g.,
similar to light water reactor (LWR) core melting] are not possible so that unaccept-
able large releases of radioactive fission products into the environment will never
occur”(emphasis added).2 Proponents of HTGRs are so confident of its safety that
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they would like the reactor to be deployed without an emergency cooling system
and with only a “vented low pressure containment,” which would allow any releases
of radioactive materials during accidents to be vented into the environment, instead
of the conventional pressurized containment used in LWRs.3 There are also pro-
posals to deploy HTGRs without an emergency planning zone (EPZ) outside the
reactor site boundary, much less than the roughly 10 mile (16 km) radius cur-
rently used at U.S. nuclear power plants. Just recently the U.S.-based company X-
Energy claimed that in its pebble bed high temperature gas-cooled Xe-100 reactor,
“the fuel cannot melt down in an accident, so a reactor should be able to be safely
located close to population centers.”4 What is left unsaid in such statements is that
a fuel melt down is not the only accident scenario that can result in a release of
radioactivity.

This paper presents the case that serious accident scenarios that release radioac-
tivity into the environment are indeed possible for HTGRs, focusing on pebble
bed reactor (PBR) designs that are currently favored for construction. Because the
designs of HTGRs are different from LWRs, they may not undergo the exact same
accident scenarios as what occurred at the LWRs in Three Mile Island (United
States) in 1979 or Fukushima (Japan) in 2011. Likewise, HTGR designs are also dif-
ferent from the RBMK design that suffered the accident at Chernobyl (Ukraine) in
1986. (There is, however, a similarity in that both the RBMK and HTGR designs
use graphite to moderate neutrons, and, as we discuss below, graphite fires can be a
source of radioactive releases.) In the case of LWRs, themajor concern is an accident
involving the loss of coolant or coolant flow followed by fuel meltdowns. In con-
trast, the two chief accident sequences that are significant at HTGRs are the ingress
of either air or water into the reactor core. Under some circumstances, both could
lead to radiation doses to nearby populations. Thus, although it is technically correct
that fuel meltdowns are not of concern in HTGRs, this does not make the HTGR
inherently safe.5

Even otherwise, there are good reasons to question any decision to deployHTGRs
without a robust, pressurized containment orwith a significantly reduced EPZ.Con-
tainments are a tried and tested passive safety feature. It was the pressurized con-
tainment of the Three Mile Island-2 nuclear reactor that prevented most of the
radioactive fission products released during the March 1979 meltdown from escap-
ing into the surrounding countryside. Likewise, the EPZ is an independent source
of reducing the potential impact on public health in the event of an accident. The
accident in Fukushima and the evacuation of populations in areas surrounding the
reactor “demonstrated that even a 10-mile-radius zone is inadequate in the case of
a severe accident at a conventionally sized reactor… [and] Radiation levels high
enough to trigger evacuation were detected at least 20 miles away and those high
enough to trigger long-term resettlement were detected more than 30 miles from
the Fukushima site.”6 This implies that, if and when HTGRs are constructed, they
should be deployed with safety features such as pressurized containments and larger
EPZs.
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The safety concern associated with air ingress results from the use of graphite
(carbon) as the moderator in the reactor and the potential for the graphite to react
with the air that has entered the reactor; the combination of air and hot graphite
could result in a variety of chemical reactions and physical effects leading to deteri-
oration of the fuel and possible radioactivity releases.

The ingress of water could result in chemical reactions between water and
graphite. But this is not the most serious concern. All HTGRs are undermoderated
systems and thus water ingress also results in an increase in the reactivity of the
system because of the additional moderating influence of water on neutrons. Both
these accident sequences have been the subject of extensive research.7 Despite this
body of work, there are still significant questions about the safety of PBRs that are as
yet unanswered, especially in light of the experience with the HTGRs constructed
so far.

This paper starts with a brief description of HTGR designs and the role played
by the design of the fuel in the safety case. This is followed by discussions of the
two most important accident scenarios, air and water ingress. Next, the paper dis-
cusses uncertainties in the understanding of phenomena that occur during severe
accidents, and the multiple priorities that govern reactor design. It ends with a brief
discussion of the implications of these accident possibilities.

Brief description of HTGR designs

High temperature gas cooled reactors, as their name suggests, operate at high
coolant temperatures (around 800°C as compared to around 300°C in the case of
LWRs), and use a gas, typically helium, to transport the heat generated in their cores.
In these reactors, the fuel is surrounded by two layers of pyrolytic carbon and a
single layer of silicon carbide to create a fuel particle with an approximate diame-
ter of 1 millimeter.8 These multiple layers are supposed to contain the radioactive
materials produced when the fuel nuclei undergo fission. These particles of fuel and
surrounding layers are called tristructural-isotropic (TRISO) fuel (see Figure 1). As
discussed below, the use of TRISO fuel is considered an important safety feature of
HTGRs.

The two types of HTGRs constructed so far differ in how the TRISO fuel is placed
in the reactor. In a prismatic HTGR, the TRISO fuel particles are formed into pris-
matic rods and inserted into holes in a larger graphite structure. In PBRs, approxi-
mately 11,000 of these TRISO fuel particles are embedded in each graphite sphere,
the pebble, which has a diameter of about 6 centimeters.9 These pebbles are fed
to the reactor continuously and constantly move down through the core. At any
given time, the reactor core contains thousands of these pebbles. Continuous fuel
exchange is considered an advantage because the reactor does not have to be shut
down periodically for fuel replacement. However, when it comes to safety, fuel that
moves during operation necessarily results in uncertainties about the exact compo-
sition of the core and the location of the fuel.
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Figure . Cross-section of a fuel pellet containing TRISO particles at  mm scale.

The safety of HTGRs is reinforced by other design features, such as a lower power
level and power density, the amount of fissionable material in each pebble (earlier
designs used up to 11 g of uranium per pebble but this has been lowered to 7 g),11

and a large height to diameter ratio for the reactor vessel that holds the pebbles,
which results in a greater surface area to volume ratio of the core. Such measures
allow for passive cooling by convection and radiation.

TRISO fuel

The form of the fuel is an essential element in the safety case for HTGRs. As
two members of the South African nuclear regulatory organization described it in
the case of the pebble bed modular reactor that they were tasked with reviewing,
the “safety design philosophy… is based on the premise that the fuel adequately
retains its integrity to contain radioactive fission products for all normal operat-
ing and design basis accident conditions, thereby allowing radiological safety to be
assured.”12 Or as a panel convened by the U.S. Nuclear Regulatory Commission
described it, “TRISO-coated particle fuel particles are intended to stay intact and
effectively retain and contain fission products during normal operation as well as
during postulated accidents.”13 Thus, the argument goes, if the fuel remains integral
even under a design basis accident, then the radiological inventory is safely con-
tained within the fuel particles and the graphitematrix of the pebbles. This results in
a relatively low source term for radioactive releases and consequently low or accept-
able environmental impact that is within the limits of what a regulatory body will
allow.
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Typically, safety assessments of HTGRs consider 1600°C as the temperature limit
for fuel failure.14 Above this temperature, “the maximum accident fission product
releases increase.”15 Safety assessments, therefore, are satisfied with just showing
that the maximum temperature reached during an accident scenario is lower than
1600°C; for example, a study carried out on the possibility of recriticality after hypo-
thetical accidents concludes that the high temperature reactor design being inves-
tigated shows inherent safety potential because the maximum temperature reached
under a specific scenario deemed by the authors as an “extreme combination” of
hypothetical conditions is only 1536 °C.16

The assumption about a firm limit of 1600 °C below which no fission products
will escape from the pebbles ismisleading. Even under normal operating conditions,
a small fraction of the fission product inventory of the fuel particles does diffuse
through particle coatings and the matrix of the pebble. This diffusion is enhanced if
there are defective coatings, which cannot be completely avoided for industrial scale
manufacture of fuel pebbles. The rate of diffusion of radioactive isotopes through
the particle coating and the graphite matrix is strongly dependent on the tempera-
ture as well as the specific radionuclide.17 For example, even under normal operat-
ing conditions, the release fraction of argentum-110m (silver-110) is ten to fifteen
times the corresponding fraction for cesium-137.18 The mechanism for such trans-
port is still unclear.19 Because of this diffusion, even standard operation of a PBR
leads to higher releases of some nuclides, especially silver-110m and cesium-137,
into the pressure vessel in comparison to LWRs.20 Both cesium-137 and silver-110m
are gamma emitters and their release from the fuel pebbles has implications for oper-
ability, economics, and, most relevant to this paper, safety.

Fission products that are released from the fuel, such as strontium-90, can adhere
to the dust prevalent inside the reactor (described below) and form an inventory that
can be released during depressurization accidents. The quantity of fission products
escaping from the pebbles during an accident scenario will depend on the period the
reactor has operated, especially if some fraction of these operations were at temper-
atures above the normal operating temperature (although below 1600°C). Measure-
ments done at the Arbeitsgemeinschaft Versuchsreaktor (AVR) showed fuel damage
even at 1400°C.21

There is also evidence of a variety of other mechanisms that could cause fuel par-
ticle failure. For example, the integrity of silicon carbide layer is compromised by
palladium, a fission product that is produced during reactor operations.22 Gaseous
fission products inducing internal pressure, irradiation-induced shrinkage, migra-
tion of fuel particles due to a temperature gradient in the graphite, chemical inter-
actions between fission products and the layers of coatings on the fuel or between
the graphite matrix and the coating layers, and silicon carbide degradation due
to high burnup are some of the other mechanisms that lead to fuel particle fail-
ure, especially under high burnup conditions.23 The burnup dependence of fuel
particle failure is also not fully understood.24 Particle failure can also occur dur-
ing an air or water ingress accident.25 And finally, a substantial number of peb-
bles get damaged or broken during movement within the core.26 At the Thorium
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High-Temperature Reactor, approximately 17,000 pebbles were damaged,27 a figure
that is remarkable when considering that the reactor operated for less than three
years.

Summing up, the 1600°C limit, or even a lower temperature limit for that mat-
ter, is misleading and overestimates the retention behavior of the particle. Whether,
and how much, radioactivity will be released during an accident will depend on
the maximum temperature reached, the duration of that temperature, the fuel per-
formance under corrosive conditions,28 the irradiation history and fuel fabrication
failures. These parameters are only predictable to a certain extent in advance and
come with higher uncertainties than is desirable for the safety case of a nuclear reac-
tor, especially when the developers hope to deploy the reactor without a pressurized
containment or an EPZ.

Water ingress

Water ingress, or the entry ofwater in the core of aHTGR, is a safety concern because
of two basic technical characteristics: (1)HTGRs are under-moderated and (2)water
is a better moderator than helium.29 When water enters the reactor core, the reac-
tivity increases, causing increased power production in the core and a temperature
increase, unless negative feedback phenomena, in particular how the core behaves
when the temperature increases, limits these effects. If the water ingress rate is suf-
ficiently large, then “the negative temperature feedback is unable to compensate the
positive reactivity quickly.”30 If this is the case, the temperature of the fuel elements
will increase, which might lead to increased diffusion or even fuel failure, and the
escape of fission products into the reactor core.

In parallel, the water ingress would also lead to chemical reactions with the hot
graphite structures producing inflammablewater gas, amixture of carbonmonoxide
and hydrogen. The combination of the entry of steam and the production of water
gas would lead to a large pressure increase and that could result in the safety valve
opening and releasing radioactive isotopes and explosive gas.31

The ingress of water into a reactor is not a purely theoretical concern. In May
1978, about 30 tons of liquid water did enter the core of the AVR. The situation was
made worse by human error since operators did not treat the water ingress with
sufficient seriousness, continuing to operate the reactor at low power for several
days.32 Following the ingress, higher levels of noble gases were observed “due to the
interaction between steam and defective particles.”33

For any given accident scenario, the combination of the maximum temperature
abovewhich the probability of fuel failure is high, the negative fuel temperature feed-
back (reactivity coefficient), and the typical operating temperature sets the amount
of reactivity increase that can be compensated through fuel temperature feedback.
Typical scenarios analyzed by HTGR designers often explicitly or implicitly involve
various assumptions, some of which may not be valid when analyzing a worst-case
scenario. A common assumption is that only a limited amount of water has entered
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Figure . Reactivity increase in hot core as a function of water (steam) ingress into the primary circuit.
(Source: Zheng Yanhua, Lei Shi, and Yan Wang, ).

the reactor core.35 However, it is possible to conceive of scenarios, albeit with low
likelihoods, wherein larger quantities of water do enter the core.36

As a specific case, consider the water ingress scenario for the Chinese HTR-PM
reactor as analyzed by scientists from the Institute of Nuclear andNewEnergy Tech-
nology, Tsinghua University.37 Their calculations show that because their estimate
of the fuel temperature feedback coefficient is about −4.36 × 10−5 /°C, the maxi-
mum reactivity increase that can be counterbalanced via the negative temperature
coefficient without the fuel’s temperature exceeding their choice of safety limit of
1620°C is about 3%.38 Further, their own calculations suggest that once the amount
of water (steam) within the primary coolant circuit exceeds about 12 tons, the reac-
tivity increase goes above 3%, and once the amount of water exceeds about 20 tons,
then the reactivity increase goes above 4% (see Figure 2). The paper does not calcu-
late what the fuel temperature would be in the event of such a large ingress of water,
but instead limits its “severest” accident scenario to an ingress of only 2.5 tons.39

Thus, these safety assessments do not include some very severe accident scenarios,
which may be low probability but high consequence. Hence these assessments may
not be an adequate basis for decisions about features such as the kind of containment
to be built or the size of the EPZ.

Air ingress

Air can enter the reactor if there is a break (or more than one break) in the pressure
boundary. Air ingress will result in the oxidation of graphite moderator and struc-
tures in the reactor vessel and, as the accident proceeds, also the oxidation of the
fuel.40 Air ingress will increase the temperature in the reactor due to the reaction
enthalpy of the oxidation process. The temperature increase, and therefore the like-
lihood of fuel failure, will vary across the reactor and depends on the rate at which
air enters the reactor; for sufficiently large rates of air ingress, the temperature of the
core could exceed 1600°C,41 even in the case of a relative low powered (200 MWth)
pebble bed reactor, resulting in massive fuel failure.42
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Unlike the RBMK reactor in Chernobyl, where graphite burning started only
after some delay, in PBRs the operating temperatures are higher than the igni-
tion temperature of graphite (600 to 700°C).43 As a result, burning of graphite
could occur immediately in the event of a major air ingress. Further, HTGRs, like
other reactors, also have other inflammable materials and as such other fires are
possible; for example, on 3 October 1987, Fort St. Vrain suffered from “a rela-
tively severe turbine building fire” due to the burning of oil used in the hydraulic
system, which “impacted control room habitability.”44 Such fires could add to
the potential for radioactive release by increasing the temperature of the reactor
components.

In turn, the rate at which air flows into the reactor vessel and the oxygen content
that is available will depend onmany reactor design features and the specific failures
that lead to the accident.

Because air ingress must begin with a break, there will be a ready pathway for
any radionuclides within the primary circuit to escape. Further, the heat generated
during the oxidation process results in buoyancy forces that could provide the impe-
tus for radionuclides to escape into the atmosphere and be transported to relatively
higher altitudes. In short, a severe air ingress accident could lead to the escape of sig-
nificant quantities of radionuclides, although it is difficult to estimate the potential
source term.

Experiences with HTGRs

What goes under the name of safety analysis in reactor design is typically a claim
about the behavior of a hypothetical reactor that has not been constructed so far,
based on a theoretical design. Quite often an actually constructed reactor behaves
differently from what may have been predicted theoretically, and thus an examina-
tion of the operational record of HTGRs that have been constructed offers insights
into potential safety problems with these reactor designs.

The four commercial HTGRs constructed in Germany and in the United States
as well as the test reactors constructed in the United Kingdom, Japan, and China,
all testify to the difference between theoretical expectations of reactors perform-
ing smoothly and flawlessly, and actual operating experience.45 All these operating
HTGRs underwent a wide variety of small failures and unplanned events, including
ingress of water or oil, and fuel failures (see Table 1).

The accumulation of graphite dust in the coolant circuit was a feature in all these
reactors. The dust is typically contaminated with fission products. In the case of
the relatively low powered (15 MWe) prototype AVR, the total amount of dust has
been estimated at between 46 kilograms and 200 kilograms, with activity levels of
2 to 96 GBq/kg of cesium-137 and 19 to 363 GBq/kg of strontium-90,46 and has
been described by three of the scientists associated with the reactor as “a permanent
and virtually undepletable source of serious contamination.”47 This is a safety haz-
ard because the fission products can escape into the atmosphere in the event of an
accident involving expulsion of coolant.
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Table . High temperature gas cooled reactors connected to the grid (source: Ramana, ).

Generation Commercial Permanent Lifetime Problems
Capacity Operation Shutdown Load Experienced

Reactor (MWe) Date Date Factor (Select)

Peach Bottom   June   November


.%
∗
Fuel failure, oil ingress, failure of moisture

monitor, graphite dust in coolant circuit
AVR   May   December


% Fuel failure, water ingress, oil ingress,

graphite dust in coolant circuit
Fort St. Vrain   July   August  .% Helium leaks, moisture ingress, failures of

moisture detection systems, fuel failures,
failure of control rods to insert in response
to scram signal

Thorium High-
Temperature
Reactor

  June   September


.% Graphite dust, breakage of pebbles

Note. ∗ Calculated by IAEA only for the last two years.

Uncertainties and the limits of safety analyses

There are several uncertainties about HTGRs and their operation, which in turn
affects the reliability of safety assessments. Below we list some of the chief problems.

The first problem involves the behavior of fuel. The prediction or modeling of
pebble flow through the core has historically been unreliable, leading to local zones
of higher temperatures. Modeling is particularly difficult because standard in-core
instrumentation cannot be used in PBMRs to measure parameters such as temper-
ature distribution and power distribution in the pebble bed during reactor opera-
tions, in turn because such instrumentation cannot be held in place due to the flow
of pebbles. Such parameters can be inferred later by examining specialmeasurement
devices that go through the reactor and are recovered after they come out (e.g., melt
wires). A further problem is that the environment is highly corrosive, leading to
instrument failures, and highly radioactive so that instrument replacement is very
challenging. In the German AVR reactor for example it was later discovered that the
maximum temperature at hot spots in the reactor was much higher than anticipated
by designers, by up to 200°C or even more.49

The second area of uncertainty is the size of the source term. In case of air or
water ingress the source term for radioactive release involves fission products that
have been plated out on metallic surfaces mainly in the corners of tubes or that are
attached to graphite dust. These particles can be washed or steamed off and remobi-
lized. Should a reactor that has been operating for many years undergo an accident,
the source term for release might be significantly more than estimated by theoret-
ical calculations.50 Understanding of the phenomenon of graphite dust production
is still limited and graphite dust behavior adds to the uncertainties of source term
analysis.

A third area of uncertainty is coolant gas behavior. Numerical simulations of the
helium gas current in the reactor are very complex and the flow dynamics in the
pebble bed as well as in the whole primary circuit difficult to model.51 Additionally
temperature monitoring under the harsh extremely hot and corrosive environment
in the reactor is extremely difficult. Through the kinds of measurement processes
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described earlier (the use of melt wires), it is possible to get measurements of the
temperature of the cooling gas, but the numbers thus available only represent the
peak values of temperature at the average position in the core and form an incom-
plete data set.

And finally, there are uncertainties about how operators will act during safety
challenges and emergencies. This was the case at the German AVR reactor in May
1978 when operators took actions that were against safety requirements during
water ingress.52

Conflicts with economic priorities

There is a separate problem with many assertions about the safety of new reac-
tor designs: the competing priorities that determine design choices. The discussion
about the possible use of a vented containment structure that we started this paper
with is an illustration of this phenomenon. The main reason to even consider such
a vented containment is to save on costs. Likewise, the choice of under-moderated
cores that make HTGR designs susceptible to water ingress accidents is also guided
by economics.53 In these cores, there is less graphite in the reactor than necessary
for optimal neutron balance to avoid having a large pressure vessel, which would be
expensive. A design choice between a steam and a gas turbine is also made partly
based on economic considerations. Gas turbines are more complicated and expen-
sive but the risk of water ingress is greatly reduced.

Since the integrity of the fuel pebbles is temperature dependent, a lower tem-
perature during normal operation increases the safety margin to fuel failure.
On the other hand, a higher operating temperature allows designers to market
the reactor as allowing use in industries that require heat at high temperatures,
for example to liquefy coal and the catalytic dissociation of water. Again, eco-
nomics pushes designers to adopt higher operating temperatures, a choice that
is complicated by the difficulty in assessing the temperature profile in the core.
These economic incentives for less safe designs become more important because
nuclear power is already losing ground in the electricity marketplace in many
countries.54

Conclusion

Claims about the inherent safety of HTGRs form a strong component of the
argument for the construction of HTGRs by its proponents. However, as we have
discussed, these claims do not account adequately for the risks associated with air
and water ingress accidents or are based on contestable assumptions, including
assumptions about the integrity of the fuel up to a temperature of 1600°C. There
is still considerable uncertainty about the behavior of HTGRs under accident
considerations. Further, as the experience with HTGRs constructed to date shows,
operations at completed reactors are marred by a variety of failures and incidents
that are not considered in theoretical designs. Finally, reactor designs are shaped
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by multiple priorities and the difficult economic challenges faced by nuclear power
might lead to design choices that worsen safety.

Acknowledgments

We are grateful to Rainer Moormann and Steve Thomas for discussions and feedback on earlier
drafts of this article, and to the journal’s reviewer for useful suggestions for improvement.

Notes and references

1. G.H. Lohnert, “The Consequences of Water Ingress into the Primary Circuit of an HTR-
Module - FromDesign Basis Accident toHypothetical Postulates,”Nuclear Engineering and
Design 134, 2–3 (1992): 159–76; Tom Ferreira, “South Africa’s Nuclear Model,” IAEA Bul-
letin, June 2004; Zuoyi Zhang, Yujie Dong, and Winfred Scherer, “Assessments of Water
Ingress in a High-Temperature Gas-Cooled Reactor,” Nuclear Technology 149 (2005): 253–
64; Yanhua Zheng, Lei Shi, and Yan Wang, “Water-Ingress Analysis for the 200 MWe
Pebble-Bed Modular High Temperature Gas-Cooled Reactor,” Nuclear Engineering and
Design 240 (2010): 3095–3107.

2. Zhang, Dong, and Scherer, “Assessments of Water Ingress in a High-Temperature Gas-
Cooled Reactor.”

3. Yujie Dong, “Status of Development and Deployment Scheme of HTR-PM in the
People’s Republic of China” (Interregional Workshop on Advanced Nuclear Reactor
Technology for Near Term Deployment, Vienna, Austria, 4 July 2011), www.iaea.org/
NuclearPower/Downloads/Technology/meetings/2011-Jul-4-8-ANRT-WS/5_CHINA_
HTR-PM_TsinghuaU_Dong.pdf.

4. X-energy, “Innovation on a Proven Foundation,” Nuclear Energy. Reimagined. 2016,
http://www.x-energy.com/.

5. More generally, there are good reasons to avoid the term inherent safety for any reactor
design without qualifications. In 1987, the International Atomic Energy Agency initiated
an effort to carefully define safety terms related to nuclear plants, and a technical committee
meeting was held in 1988. The final report of this committee argued, “Potential inherent
hazards in a nuclear power plant include radioactive fission products and their associated
decay heat, excess reactivity and its associated potential for power excursions, and energy
releases due to high temperatures, high pressures and energetic chemical reactions. Elim-
ination of all these hazards is required to make a nuclear power plant inherently safe. For
practical power reactor sizes this appears to be impossible. Therefore the unqualified use
of ‘inherently safe’ should be avoided for an entire nuclear power plant or its reactor”. See
“Safety Related Terms for Advanced Nuclear Plants,“ IAEA-TECDOC-626, Vienna, Aus-
tria: International Atomic Energy Agency, 1991, 9; and Anders Martensson, “Inherently
Safe Reactors,” Energy Policy 20 (1992): 660–71, 667. Despite this warning, many continue
to term different reactor designs as inherently safe.

6. Edwin Lyman, “Small Isn’t Always Beautiful: Safety, Security, and Cost Concerns about
Small Modular Reactors” (Cambridge, USA: Union of Concerned Scientists, September
2013), 16.

7. J. Wolters et al., “The Significance of Water Ingress Accidents in Small HTRs,” Nuclear
Engineering and Design 109 (1988): 289–94; W. Kröger, J. Mertens, and J. Wolters, “Basic
Risk Analyses for High-Temperature Reactors,” Nuclear Engineering and Design 121 (July
2, 1990): 299–309, doi:10.1016/0029-5493(90)90115-E; Lohnert, “The Consequences of
Water Ingress into the Primary Circuit of anHTR-Module - FromDesign Basis Accident to

http://www.iaea.org/NuclearPower/Downloads/Technology/meetings/2011-Jul-4-8-ANRT-WS/5_CHINA_HTR-PM_TsinghuaU_Dong.pdf
http://www.x-energy.com/
http://10.1016/0029-5493\05090\05190115-E


SCIENCE & GLOBAL SECURITY 53

Hypothetical Postulates”; Zheng, Shi, andWang, “Water-Ingress Analysis for the 200MWe
Pebble-Bed Modular High Temperature Gas-Cooled Reactor.”

8. R. N. Morris et al., “TRISO-Coated Particle Fuel Phenomenon Identification and Rank-
ing Tables (PIRTs) for Fission Product Transport Due to Manufacturing, Operations,
and Accidents” (Washington, D. C.: Nuclear Regulatory Commission, July 2004), 1–1,
http://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6844/v1/.

9. T. Kindt and H. Haque, “Recriticality of the HTR-Module Power Reactor after Hypo-
thetical Accidents,” Nuclear Engineering and Design 137, 1 (September 1992): 107,
doi:10.1016/0029-5493(92)90055-Z.

10. Wikimedia Commons, Cross-section of TRISO fuel pellet.jpg; https://commons.
wikimedia.org/wiki/File:Cross-section_of_TRISO_fuel_pellet.jpg

11. These figures refer to LEU content.
12. G.A. Clapisson and A. Mysen, “The First Stage of Licensing of PBMR in South Africa

and Safety Issues,” in Advanced Nuclear Reactor Safety Issues and Research Needs (Paris:
Organisation for Economic Co-operation and Development, 2002), http://www.oecd-
ilibrary.org/content/book/9789264194441-en.

13. Morris et al., “TRISO-Coated Particle Fuel Phenomenon Identification and Ranking Tables
(PIRTs) for Fission Product Transport Due to Manufacturing, Operations, and Accidents,”
1–1.

14. Zhang, Dong, and Scherer, “Assessments of Water Ingress in a High-Temperature Gas-
Cooled Reactor”; Enrico Zio, Francesco Di Maio, and Jiejuan Tong, “Safety Margins Con-
fidence Estimation for a Passive Residual Heat Removal System,” Reliability Engineering &
System Safety 95 (August 2010): 828–36, doi:10.1016/j.ress.2010.03.006.

15. Morris et al., “TRISO-Coated Particle Fuel Phenomenon Identification and Ranking Tables
(PIRTs) for Fission Product Transport Due to Manufacturing, Operations, and Accidents,”
1–8.

16. Kindt and Haque, “Recriticality of the HTR-Module Power Reactor after Hypothetical
Accidents.”

17. KazuoMinato et al., “Fission Product Release Behavior of Individual Coated Fuel Particles
for High-Temperature Gas-Cooled Reactors,” Nuclear Technology 131 (2000): 36–47; J. J.
van derMerwe and I. Clifford, “Development andApplication of the PBMRFissionProduct
Release Calculation Model,” Nuclear Engineering and Design, HTR-2006: 3rd International
Topical Meeting on High Temperature Reactor Technology, 238 (November 2008): 3092–
3101, doi:10.1016/j.nucengdes.2008.02.008.

18. Minato et al., “Fission Product Release Behavior of Individual Coated Fuel Particles for
High-Temperature Gas-Cooled Reactors.”

19. Kim, Bong Goo, Sunghwan Yeo, Young Woo Lee, and Moon Sung Cho, “Comparison of
DiffusionCoefficients andActivation Energies forAgDiffusion in SiliconCarbide,”Nuclear
Engineering and Technology 47 (August 2015): 608–16. doi:10.1016/j.net.2015.05.004.

20. Rainer Moormann, “A Safety Re-Evaluation of the AVR Pebble Bed Reactor Opera-
tion and Its Consequences for Future HTR Concepts” (Jülich, Germany: Berichte des
Forschungszentrums, 2008).

21. Rainer Moormann, “Phenomenology of Graphite Burning in Air Ingress Acci-
dents of HTRs,” Science and Technology of Nuclear Installations 2011 (2011): 8,
doi:10.1155/2011/589747.

22. M. Gentile, P. Xiao, and T. Abram, “Palladium Interaction with Silicon Carbide,” Journal
of Nuclear Materials 462 (July 2015): 100–107, doi:10.1016/j.jnucmat.2015.03.013; Kazuo
Minato et al., “Fission Product Palladium-Silicon Carbide Interaction in HTGR Fuel Parti-
cles,” Journal of NuclearMaterials 172 (1990): 184–96, doi:10.1016/0022-3115(90)90437-R.

23. Morris et al., “TRISO-Coated Particle Fuel Phenomenon Identification and Rank-
ing Tables (PIRTs) for Fission Product Transport Due to Manufacturing, Operations,

http://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6844/v1/
http://10.1016/0029-5493\05092\05190055-Z
https://commons.wikimedia.org/wiki/File:Cross-section_of_TRISO_fuel_pellet.jpg
http://www.oecd-ilibrary.org/content/book/9789264194441-en
http://10.1016/j.ress.2010.03.006
http://10.1016/j.nucengdes.2008.02.008
http://10.1016/j.net.2015.05.004
http://10.1155/2011/589747
http://10.1016/j.jnucmat.2015.03.013
http://10.1016/0022-3115\05090\05190437-R


54 M. ENGLERT ET AL.

and Accidents,” 2–91; Daniel Freis, “Störfallsimulationen und Nachbestrahlung-
suntersuchungen an kugelförmigen Brennelementen für Hochtemperaturreaktoren”
(Ph. D. dissertation, Aachen University, 2010), http://publications.rwth-aachen.de/
record/63102/files/3307.pdf.

24. Moormann, “Phenomenology of Graphite Burning in Air Ingress Accidents of HTRs,” 8.
25. Morris et al., “TRISO-Coated Particle Fuel Phenomenon Identification and Ranking Tables

(PIRTs) for Fission Product Transport Due to Manufacturing, Operations, and Accidents,”
2–91, 2–95.

26. For a picture of a damaged pebble, see slide 5 of the presentation by Rainer Moormann,
“Die NRW-Kugelhaufenreaktoren und ihre Hinterlassenschaften: Anmerkungen zu einer
Problemtechnologie (The Pebble-Bed Reactors in North Rhine-Westphalia and their
Legacy: Notes on a Problematic Technology),” Evangelische Gemeinde Nettetal-Lobberich
– Cafe Vielfalt (Protestant Church of Nettetal-Lobberich - Cafe Vielfalt), Interna-
tionaler Versöhnungsbund (International Fellowship of Reconciliation), 29 July 2012,
https://www.versoehnungsbund.de/sites/default/files/artikel/380/MoormannVortragLobb
erich1.pdf

27. “Pebble Bed Reactor Technology Readiness Study” (Areva, 2010), https://art.inl.gov/
NGNP/NEAC%202010/Pebble%20Bed%20Reactor%20Technology%20Readiness%20Stu
dy%20-%20AREVA.pdf

28. A number of the fission products released during the operation of the reactor can corrode
one or more of the outer carbide layers.

29. J. Szabo et al., “Nuclear Safety Implications ofWater Ingress Accidents inHTGRs,” inTrans-
actions of the Nuclear Society of Israel (Nuclear Society of Israel, 1987), IV – 13 – IV – 16.

30. Zhang, Dong, and Scherer, “Assessments of Water Ingress in a High-Temperature Gas-
Cooled Reactor,” 257.

31. Wolters et al., “The Significance of Water Ingress Accidents in Small HTRs”; Zhang, Dong,
and Scherer, “Assessments of Water Ingress in a High-Temperature Gas-Cooled Reactor.”

32. Moormann, “A Safety Re-Evaluation of the AVR Pebble Bed Reactor Operation and Its
Consequences for Future HTR Concepts,” 29. The water ingress stemmed from a leak in
the steam generator directly above the reactor core.

33. Rainer Moormann, “Fission Product Transport and Source Terms in HTRs: Experience
fromAVRPebble Bed Reactor,” Science and Technology of Nuclear Installations 2008 (2008):
12, doi:10.1155/2008/597491.

34. Ibid., 3100.
35. Zhang, Dong, and Scherer, “Assessments of Water Ingress in a High-Temperature Gas-

Cooled Reactor”; Lohnert, “The Consequences of Water Ingress into the Primary Circuit
of an HTR-Module - From Design Basis Accident to Hypothetical Postulates.”

36. Similarly, they assume that various reactor components work as designed—for example,
safety relief valves. See Zhang, Dong, and Scherer, “Assessments ofWater Ingress in a High-
Temperature Gas-Cooled Reactor,” 262.

37. Zheng, Shi, andWang, “Water-Ingress Analysis for the 200MWePebble-BedModularHigh
Temperature Gas-Cooled Reactor.”

38. Ibid., 3100.
39. Ibid., 3104.
40. IAEA, “Accident Analysis for Nuclear Power Plants with Modular High Temperature Gas

Cooled Reactors” (Vienna: International Atomic Energy Agency, 2008); Moormann, “Phe-
nomenology of Graphite Burning in Air Ingress Accidents of HTRs.”

41. Tieliang Zhai, “LOCA andAir Ingress Accident Analysis of a Pebble Bed Reactor” (Masters
Dissertation, Massachusetts Institute of Technology, 2003).

42. Moormann, “Phenomenology of Graphite Burning in Air Ingress Accidents of HTRs.”
43. Ibid.

http://publications.rwth-aachen.de/record/63102/files/3307.pdf
https://www.versoehnungsbund.de/sites/default/files/artikel/380/MoormannVortragLobberich1.pdf
https://art.inl.gov/NGNP/NEAC\045202010/Pebble\04520Bed\04520Reactor\04520Technology\04520Readiness\04520Study\04520-\04520AREVA.pdf
http://10.1155/2008/597491


SCIENCE & GLOBAL SECURITY 55

44. S. P Nowlen, M. Kazarians, and F. Wyant, “Risk Methods Insights Gained From Fire
Incidents,” NUREG/CR-6738 & SAND2001-1676P (Washington, D.C.: Division of Risk
Analysis and Applications, Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory
Commission, 2001), A14–12.

45. M. V. Ramana, “The Checkered Operational History of High Temperature
Gas Cooled Reactors,” Bulletin of the Atomic Scientists 72 (2016): 171–79,
doi:10.1080/00963402.2016.1170395; J. M. Beck, C. B. Garcia, and L. F. Pincock, “High
Temperature Gas-Cooled Reactors Lessons Learned Applicable to the Next Generation
Nuclear Plant” (Idaho Falls, Idaho, USA: Idaho National Laboratory, September 2010),
http://www.osti.gov/scitech/biblio/1023461.

46. Bärbel Schlögl, “Graphite Dust in AVR” (Introduction Meeting on the Planned
PSI Research Project on HTR graphite dust issues, Paul Scherer Institute,
Villingen, Switzerland, 26 November 2009), http://sacre.web.psi.ch/HTR/Part-
Pres/Graphite%20Dust%20in%20AVR%20-%20PSI.pdf.

47. E. Wahlen, J. Wahl, and P. Pohl, “Status of the AVR Decommissioning Project With Spe-
cial Regard to the Inspection of the Core Cavity for Residual Fuel,” inWM ’00 Conference
(Tucson, AZ: Waste Management Symposia, 2000).

48. “The Checkered Operational History of High Temperature Gas Cooled Reactors,” Bulletin
of the Atomic Scientists 72 (2016): 171–79, doi:10.1080/00963402.2016.1170395 and refer-
ences therein.

49. Moormann, “A Safety Re-Evaluation of the AVR Pebble Bed Reactor Operation and Its
Consequences for Future HTR Concepts,” 4.

50. In the AVR, activity levels in the primary circuit were around 100 TBq of strontium-90 and
10 TBq of cesium-137.

51. Zheng Yanhua, Chen Fubing, and Shi Lei, “Analysis of Diffusion Process and Influence
Factors in the Air Ingress Accident of the HTR-PM,” Nuclear Engineering and Design, SI :
HTR 2012, 271 (May 2014): 397–403, doi:10.1016/j.nucengdes.2013.12.008; Yanhua Zheng
andMarekM. Stempniewicz, “Investigation of NACOKAir Ingress Experiment Using Dif-
ferent System Analysis Codes,” Nuclear Engineering and Design, 5th International Topical
Meeting onHigh Temperature Reactor Technology (HTR 2010), 251 (October 2012): 423–
32, doi:10.1016/j.nucengdes.2011.09.050; Afaque Shams et al., “Researchers Solve BigMys-
teries of Pebble Bed Reactor,” ATW Internationale Zeitschrift Fuer Kernenergie 60 (2014):
161–63.

52. Christian Kueppers et al., “The experimental reactor AVR. Development, opera-
tion and accidents. Final report of the AVR expert group” (Freiburg, Germany:
Oeko-Institut, (2014), https://www.oeko.de/publikationen/p-details/der-versuchsreaktor-
avr-entstehung-betrieb-und-stoerfaelle-langfassung/

53. Szabo et al., “Nuclear Safety Implications of Water Ingress Accidents in HTGRs.”
54. Mycle Schneider and Antony Froggatt, “The World Nuclear Industry Status Report

2016” (Paris:Mycle SchneiderConsulting, 2016), http://www.worldnuclearreport.org/The-
World-Nuclear-Industry-Status-Report-2016-HTML.html; M. V. Ramana, “The Frontiers
of Energy: A Gradual Decline?,” Nature Energy 1 (2016): 7, doi:10.1038/nenergy.2015.20.

http://10.1080/00963402.2016.1170395
http://www.osti.gov/scitech/biblio/1023461
http://sacre.web.psi.ch/HTR/Part-Pres/Graphite\04520Dust\04520in\04520AVR\04520-\04520PSI.pdf
http://10.1080/00963402.2016.1170395
http://10.1016/j.nucengdes.2013.12.008
http://10.1016/j.nucengdes.2011.09.050
https://www.oeko.de/publikationen/p-details/der-versuchsreaktor-avr-entstehung-betrieb-und-stoerfaelle-langfassung/
http://www.worldnuclearreport.org/The-World-Nuclear-Industry-Status-Report-2016-HTML.html;
http://10.1038/nenergy.2015.20

	Abstract
	Acknowledgments
	Notes and references



