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This master's thesis focuses on safety of interim spent nuclear fuel storages and presents
thermal hydraulic safety analyses which are performed for a wet pool storage. Advantages
and challenges of two storage types, a wet pool storage and a dry cask storage, are studied.
The safety issues are considered during normal operation and also in accident scenarios. The
storage types are specially considered in the point of view of Hanhikivi 1 spent fuel storage,
which is currently in a design phase. Safety features of the storage of Hanhikivi 1 are also
discussed in different accident scenarios.

Interim spent fuel storages are commonly considered safe due to the low decay heat of fuel.
Historically no accidents with serious consequences have occurred. The key design objective
is that severe fuel damages in storages shall be practically eliminated by design.

Dryout of a fuel pool and uncovering of the fuel in a wet storage is recognized to be the most
serious accident scenario, especially in considering possible intense oxidation and the igni-
tion of the zirconium cladding of the fuel. However such fuel uncovering and a zirconium
fire are highly unlikely, due to the low decay heat of the fuel and the long time delays in
question. Mechanisms of oxidation and zirconium fire are studied by using reference mate-
rial from literature.

In this thesis thermal hydraulic safety analyses for Hanhikivi 1 wet storage concept are per-
formed by using Apros simulation tool. The natural safety features, especially the long time
frame needed for heating of the large water mass and the safety functions were sufficient to
keep the fuel uncovered and intact in the analysed initiating events. The analyses will be
used as a part of licensing material of spent fuel storage of Hanhikivi 1.
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Tassa diplomitydssa tutkitaan kéytetyn ydinpolttoaineen véliaikaisvarastoinnin turvalli-
suutta seka tehdaan turvallisuusanalyyseja vesiallasvarastolle. Tydssé tutustutaan kaytetyn
polttoaineen kuiva- ja markévarastoihin ja tyyppien etuihin ja haittoihin. Valivarastojen tur-
vallisuutta kartoitetaan seka pitkdaikaisturvallisuuden ettd onnettomuusskenaarioiden osalta.
Varastointiin tutustutaan erityisesti suunnitteilla olevan Hanhikivi 1:n kdytetyn polttoaineen
varaston ndkokulmasta. Hanhikivi 1:n varaston luontaisia turvallisuusominaisuuksia on tar-
kasteltu myds onnettomuusskenaarioiden yhteydessa.

Polttoaineen vélivarastointia pidetdén yleisesti ottaen turvallisena polttoaineen matalan jal-
kilampdtehon vuoksi. Historiallisesti vakavia onnettomuuksia ei ole tapahtunut. Tarkein
suunnittelutavoite on suunnittelutoimenpitein kdytannossa eliminoida polttoaineen merkit-
tavét vauriot.

Méarkavarastojen altaiden kuivuminen ja polttoaineen paljastuminen tunnistetaan merkitta-
vimmaksi onnettomuusmekanismiksi erityisesti siksi, ettd se voi johtaa polttoaineen zir-
konium-suojakuoren voimakkaaseen hapettumiseen ilmassa, zirkonium-tulipaloon. Kéyte-
tyn polttoaineen pidempiaikaisten varastojen osalta zirkonium-palo on epatodennékdinen
polttoaineen alhaisen jalkilampotehon vuoksi. Oksidoitumista ja zirkonium-palon mahdolli-
suutta ja mekanismeja on tarkasteltu lahdemateriaalin perusteella.

Tyossa tehdaan myds turvallisuusanalyyseja vesiallasvarastolle Apros-ohjelmalla. Analyy-
sien tuloksena todettiin aikaviiveet altaiden suuren vesimassan seurauksena pitkiksi seka
turvallisuusjérjestelmat riittaviksi polttoaineen jadhdytyksen turvaamiseksi tarkasteltujen al-
kutapahtumien yhteydessa. Analyyseja kaytetddn osana Hanhikivi 1:n k&ytetyn polttoaineen
vélivaraston lisensiointiaineistoa.
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1 INTRODUCTION

Nuclear power users all over the world are developing solutions for final disposal of the
spent nuclear fuel. An operating repository is still some years away, even though some coun-
tries, like Sweden, Finland and France have the plans of disposal facilities almost finished,
and Finland has already started construction of a final disposal facility in Eurajoki. Used
nuclear fuel elements need to be stored for decades or even centuries while waiting for final
disposal. Even when the disposal facilities are finished, fuel from reactors shall be stored
years before the decay heat is low enough for final disposal. That is why interim spent fuel
storages are an interesting and an important part of nuclear energy production, and still need

to be researched and developed further.

Safety of interim storages has been under consideration already in the 1980's and the subject
has been topical again after Fukushima Daiichi accident 2011. Spent fuel storages have been
generally considered inherently low-risk due to low decay heat, and therefore severe acci-
dents have not been studied systematically. However consequences of loss of coolant acci-
dents in spent fuel pools could be serious and radioactive release large, especially because
storages are not always placed inside a leaktight containment.

1.1 Background

Spent fuel storages are intended to ensure safe storing of nuclear fuel and to prevent fuel
damages and radioactive releases during the storage period. After the fuel is removed from
a reactor, heat removal must be ensured, because nuclear fuel produces still decay heat. Other
safety requirements concern e.g. subcriticality, radiation protection and keeping fuel intact.
Fuel retrievability after interim storage must also be ensured, to enable the final disposal.

There are two main types of interim spent nuclear fuel storages: a dry storage and a wet
storage. Dry storages are used by most countries, especially the ones that do not have a
solution for the final disposal problem yet (OECD/NEA 2016.) Wet storages are present in
every light water reactor plant, for storing fuel before it is transferred into dry cask storage.
Centralized wet storages, not located in reactor building, are used in countries planning on
final disposal in near future, but also countries reprocessing nuclear fuel, like Russia and

France.
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Fennovoima Itd is in an early phase of constructing a new nuclear plant Hanhikivi 1 (FH1).
During this phase of the project they need to prove feasibility of their concept of spent fuel
interim storage to the authorities. A storage for spent fuel will be built soon after commis-
sioning of the nuclear plant, and the spent fuel storage must be preliminarily designed at the

same time with the actual power plant.

This thesis is a joint assignment for Fennovoima and Fortum Power and Heat Itd, which is a
Finnish energy company, who operates Loviisa Nuclear Power Plant (NPP) and owns sig-
nificant shares of other nuclear plants. Fortum has major competence in engineering and
design of nuclear facilities, which is why Fennovoima has chosen Fortum to perform con-

ceptual design and licensing documents for Hanhikivi 1 spent fuel storage.

1.2  Objectives and limitations

The aim of this thesis is to examine safety features of different interim spent fuel storage
types and produce preliminary safety analyses for a wet storage. Safety of wet and dry stor-
ages is discussed both in normal conditions and in case of extraordinary events. Accident
mechanisms and consequent phenomena in spent fuel storages will be studied in this thesis.
Also severe accident conditions, which need to be proven to be practically eliminated in

spent fuel storages, are considered.

One of the main focuses of this thesis is to produce thermal hydraulic safety analysis for
spent fuel storage of FH1 (Hanhikivi 1) spent fuel storage. Analysis shall prove that the fuel

integrity is maintained in assumed initiating events.

Thesis focuses on spent fuel of light water reactors. The storage options discussed in this
thesis are mainly located outside the reactor building, however most of the information is
suitable for in-containment-pools also. Similar storages are also used for reprocessing waste,
but this thesis focuses on fuel removed from nuclear reactors. These limitations are chosen
because the FH1 nuclear power plant is also light water reactor, and the interim spent fuel

storage shall be built at the plant site, but not inside the containment.

1.3  Structure of thesis

Chapter 2 includes general information about interim spent fuel storing. Chapter 2 also de-

scribes different storage types, a dry and a wet storage and their features. Advantages and



11

challenges of the storage options are described, and safety in long term is considered for
both storage types. Comparison between the storage types is done in general, and also in
case of the storage of FH1.

Chapter 3 considers accident scenarios mainly in wet storages of spent fuel. Internal and
external hazards and initiating events are described as well as the possible consequential
phenomena. In this chapter also some earlier analysis concerning accident scenarios are de-
scribed. Some earlier operational experience and accidents, including Fukushima accident

are described.

Chapters 4 and 5 present the thermal hydraulic analyses carried out in this thesis. Some
modelling methods and tools for spent fuel storages are generally listed in chapter 4, and
simulation tool Apros is introduced. Model of FH1 wet storage is briefly described. Produced

thermal hydraulics safety analyses and their main results are presented in chapter 5.

Chapter 6 presents the conclusions made in this thesis based on the research and the analyses.
Ideas for further research are also discussed in this chapter. Chapter 7 summarizes the main
results of this thesis.
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2 INTERIM SPENT FUEL STORAGES

Interim storages can be divided into two types: a wet storage and a dry storage. Both of them
are used widely all over the world. Each type has its advantages and weaknesses. Wet storage
consist of pools filled with water that can be borated or demineralized water. Storage pools
are cooled via a cooling system by pumps or using natural circulation. Dry storage concept
is based on air cooled containers. They are passively cooled by natural circulation of air. The
containers are located either inside of a building (mainly in Europe) or outside (mainly in
the USA). There are two types of containers: ones that are used only for storage, and others
used also for transport, so called dual-purpose-casks. Nowadays most countries use dual
purpose casks. (OECD/NEA. 2016.)

There are some fundamental requirements for nuclear fuel storage. Decay heat removal from
the fuel must be secured. Subcritical conditions need to be maintained during normal oper-
ation, during fuel loading and in accident scenarios. Exposure for radiation is minimized by

shielding and radioactive releases are prevented.

Prevention of releases is based on Defense in Depth (DiD) -principle. Fuel is kept intact
using many layers of different barriers. One barrier may fail, but the others still protect the
fuel. Finnish regulations demand five layers, in which two are designed to prevent accidents
and the rest to protect the plant and the environment against effects of accidents. (YVL B.1
2013) DiD levels 4 and 5 are not applied for Spent fuel storages (YVL D.3 2013, §410).
Defense in depth levels (YVL B.1. 2013, 8421) are presented below.

1. Prevention. The first level is to ensure that the plant operates reliably and deviations
from normal operation are rare. To achieve this, the design, manufacture, installation,
commissioning, inspection, testing and maintenance of systems, structures and com-
ponents, and the operation of the plant shall comply with high standards of quality
and reliability with adequate safety margins. In case of a pool the first level includes
natural and structural features which prevent accidents, for example locating the stor-
age pools to solid ground, so that there is no leak path.

2. Control of anticipated operational occurrences. At the second level, in addition to
the careful design and operation of the plant, provisions shall be made for deviations

from normal operation; the plant shall be equipped with systems designed to detect
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any anticipated operational occurrences and limit their escalation into accidents and,
where necessary, to bring the plant to the controlled state. For example the inertia of
large water mass in the pool would belong to this level.

Control of accidents. At the third level, provisions shall be made for accidents by
means of reliable systems that are automatically actuated in the event of an accident;
protect the barriers for confinement of radioactive substances; prevent the occurrence
of severe fuel failure in postulated accidents and design extension conditions; and
prevent the accident from escalating into a severe accident. The actual safety func-
tions and systems belong to this level.

Containment of release in a severe accident. Level 4 is not generally used for spent
fuel storages, because severe accidents, when fuel is severely damaged and this DiD
level would be needed, are practically eliminated by design features.

Mitigation of consequences. Level 5 is not applied for spent fuel storages, because
severe accidents, when fuel is severely damaged and this DiD level would be needed,
are practically eliminated by design features.

Regulations require that severe accidents in spent fuel storages are practically eliminated

using the first three DiD-levels. Practical elimination of fuel damages need to be proved

using methods based on deterministic analyses, probabilistic reliability analyses, and expert

assessments. Elimination cannot be solely based on probabilistic considerations. All addi-

tional reasonably practicable features that reduce the risk shall be implemented to design.
(YVL D.32013, 8412; YVL B.1 2013, §424).

Structural safety of spent fuel storages is based on physical barriers. Barriers are designed to

maintain integrity under normal occurrences and in anticipated operational occurrences. In

an accident at least one barrier should maintain its integrity.

Fuel matrix — retains solid fission products in fuel pellets and limits gaseous fis-
sion products release to gas space inside fuel element cladding;

Fuel element cladding — eliminates gaseous fission product release to cask or fuel
pool coolant and in pool prevents direct contact between coolant and fuel,

Fuel pool / dry storage cask— retains fission products leaked from fuel elements to

fuel pool or storage cask and enables capture of leaked fission products.
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4. Storage building (if applicable) - air filters of building prevent the possible leaks
to environment, but the building is not generally designed to withstand significant

overpressure.

Besides structural safety, functional safety plays an important role on overall safety of the
storage, especially in wet storage. Important safety principles for spent fuel storages as well

as the whole plant, are redundancy, separation and diversity principles.

Diversity principle refers to components or systems having different operating principles.
All systems/components should be able to implement a function separately. Redundancy
principle refers to use of several parallel subsystems, so that required functions are per-
formed even if one subsystem fails. Redundancy principle is for example in wet storage
applied to functions which bring the pools to a controlled state, which in spent fuel storage
refers to a state where fuel integrity is maintained but normal cooling functions are disabled.
In controlled state the heat removal is done by warming of the pool water (before it starts to
boil) or boiling, and the system is kept in controlled state by adding cold water to the pools.
Separation principle refers to physical separation and functional isolation of important sys-
tems; separation prevents failure propagation from one subsystem to another.

Interim storages were originally designed for storing used nuclear fuel for short time periods.
The intention was to reprocess or dispose nuclear fuel in a few decades. Only a part of fuel
is nowadays reprocessed, in which case it is stored only for a relatively short time period.
However a great amount of fuel, as well as vitrified reprocessing waste, is waiting for dis-
posal. Fuel from first reactors has now waited disposal for 50 years, and will possibly be
stored for another 50 years or even 300 years, since the plans for final disposal are delayed
in some countries. Also it is economically feasible to store fuel in interim storage before it
is placed in disposal facilities. The lower decay heat after longer cooling time in interim

storage enables denser packing in the final disposal facility, conserving underground space.

Storing facilities and dry casks are originally designed and licensed only for a few decades,
for example for 50 years (OECD/NEA. 2016). Storing fuel longer times, even 100 years, can
cause several issues in interim storages. These issues are discussed in the chapters on long

term safety for both storage options.
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2.1 Wet Storage

Over 80 % of the spent nuclear fuel in the world is currently stored in wet storages (IAEA
2015). Storage pools are necessary in every nuclear plant in the world. In most light water
reactor plants there are pools in reactor buildings or in an adjacent fuel building for storing
fuel after removal from reactor. Fuel with high decay heat is placed at pools inside a con-
tainment and moved away-from-reactor pools after a few years cooling time when decay
heat is lower. It can then be moved to a longer-term storage or reprocessing. Pools in a reac-
tor building are not designed for storing the fuel of whole lifetime of the plant so their ca-
pacity is limited typically to 8-10 years.

Centralized wet storages are mainly used in countries that are reprocessing nuclear fuel. In
France and Russia the fuel is moved to centralized wet storage after few years of cooling in
nuclear plant. There is also a centralized wet storage called Clab in Sweden. (OECD/NEA
2016.) In Finland existing interim spent fuel storages are wet storages at the sites of operating

plants. In Finland there is no centralized storage.

2.1.1 Cooling system of wet storage

In wet storages decay heat removal from used fuel is secured via cooling systems. Spent fuel
is placed in pools filled with water. Water cooling is very effective and even fuel with high
decay heat can be stored in pools. The ultimate heat sink can be the sea water or a cooling
tower. Water temperature is kept low during normal operation, typically below 40-50 °C.
Water flows through storage racks by natural convection and pools are cooled by external
cooling system that normally is driven by pumps. External cooling system can also be pas-

sive and use natural circulation, for example in Gésgen Switzerland (IAEA 2015, 16).

Water in the pools is either demineralized of borated. Use of borated water decreases multi-
plication factor, but then decreasing of water level / amount of boron will have an increasing
effect on multiplication factor. Borated water requires also more complicated water treat-

ment systems.

Pools are typically constructed of concrete and lined with stainless steel liner. Pools are often
build to withstand seismic events, whereas cooling systems may not. (Barto et al. 2014)

Example of pool design is presented in Figure 1.
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Anti-siphon
mechanism

Water in Water out

Figure 1. An example of a typical pool design.

As said earlier, severe fuel degradation shall be practically eliminated in spent fuel pools.
This means ensuring a sufficient amount of water covering the fuel in all cases. According
to Finish regulations the pool cooling must be secured with two redundant cooling lines,
allowing cooling to be maintained even if any single component fails. (IAEA 2016, 50; YVL
D.3 2013, §417, 8422).

The cooling system to ultimate heat sink usually consists of several consecutive cooling
circuits, and the heat is transferred from one circuit to another via heat exchangers. Mass
flows in these circuits and temperature differences in heat exchangers depend on the decay
heat of the elements and temperature of the ultimate heat sink.

Besides the normal cooling system, elimination of fuel uncovering accidents must be ensured
with reliable pool water level monitoring instrumentation. Besides actual cooling system,
wet storage includes many other important systems, e.g. water condition monitoring, decon-
tamination system and demineralized water injecting system. Example of a wet storage is
presented in Figure 2.
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Figure 2. Loviisa pool storage. (IAEA 1999, 16)

2.1.2  Advantages of wet storages

Water has great heat removal abilities which makes removal of residual heat effective in wet
storages. In storage pools fuel temperatures are well below 100 °C, in order of 50-80 °C at
most (IAEA 1999) and this is relatively low for used nuclear fuel. Many rupture mechanisms
are proportional to temperature, and lower temperature consequently results a better fuel
condition and retrievability after storage. Mixing of different aged fuels is also possible in

wet storage, and so local high temperatures can be avoided.

One big advantage of wet storage is accessibility of the fuel. Fuel condition is required to be
monitored by measurements and also by visual inspections. Monitoring of the fuel condition
IS easy in wet storages, where visual inspections can easily be done under water. Each fuel
element is accessible and can be separately inspected and moved. Fuel handling in pools is
relatively fast and easy. Fuel transfer to pool can be done with a wet transfer cask and does
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not require hot cell or any other specific equipment or protected space, as may be required

in a dry storage.

Water is also an effective and inexpensive radiation shielding, and placing fuel elements in
a pool below large water mass keeps dose rates of workers in an adequate level without any

other shielding materials.

Finnish regulations for interim spent fuel storages consider mainly wet storages, as in Fin-
land there are yet no dry storages. Technology for fuel pools and licensing procedure of wet

storages in Finland are well known.

Finnish regulations set a requirement for fuel evacuation from one storage unit, like a pool
or a cask in case of a leak or another failure. Meeting the evacuation requirement is manage-
able with storage design containing evacuation pool. Moving fuel from one pool to another
is quite simple if the pools are adjacent. There is no need to open any sealed lids or the like,

as would be the case in dry storage cask.

Wet storage enables quite straightforward optimization of final repository. Fuel elements
with different decay times can be easily mixed in a way that content of transport casks match
optimal fuel element positioning in repository capsules. Moving fuel to repository can be
done in casks with capacity matching the repository capsules. This however is highly de-

pendent on final repository concept.

2.1.3 Challenges of wet storages

Cooling of wet storage is based on active systems and thus requires cooling systems. Cooling
systems include a lot of components and interdependencies between process systems, power
supply, 1&C, and buildings (layout, HVAC) and therefore include some vulnerabilities due
to large amount of components and systems that can affect cooling and each other. Wet
storages also require some operational support and maintenance. Amount of operative waste

is also relatively large, due to resins used in water treatment.

Wet storage building itself shall protect pools from hazards and threats. Airplane protection
of the pools may be needed depending on regulatory framework. In Finland airplane protec-

tion is needed and the structures for that are expensive.
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Cooling systems need electricity, and power loss can eventually lead to a loss of coolant
inventory. Without coolant fuel overheats eventually and releases of radioactive particles or
gases to environment are possible. In wet storages large amount of fuel is placed in one
location, and that increases the risk of large radioactive release in worst accident scenarios.
Consequences of accident scenarios in wet storages can be serious. They are described in

more detail in chapter 3.

2.1.4  Long term safety of wet storages

Spent fuel has so far been kept in wet storage for decades, so effects of long term interim
storage are quite well known. Experience of wet storages is available from more than 40
years. In this chapter fuel condition during interim storage period of few decades is dis-

cussed.

In wet storages fuel is kept the whole time under water and in low temperature. Fuel cladding
integrity is in right conditions maintained even after 50 years of storage. (IAEA 1999, 8.)
Based on data of wet storages during last few decades the corrosion of cladding is very low,
and therefore corrosion effect is not the limiting factor for extended wet storage period.
(IAEA 2015, 13.)

Water chemistry however plays an important role on preventing cladding degradation. Ad-
verse water chemistry can cause fuel cladding degradation. (IAEA 2015.) Fuel leaks and
damages could make the transport more difficult, as the damaged fuel elements may need to
be stored in a special kind of containers. Damaged fuel may also create challenges in final

disposal.

Aging may have an effect on cooling system components. Many of those however can be
replaced with new ones. Metal liner of the pool is also more vulnerable for failures during a
long time period. Leaking liner can however be quite easily fixed, if the fuel is moved to
evacuation pool. Leaks are discussed further in chapter 3.2.2. Eventually deterioration of the
pool structures is inevitable, which may be the limiting factor in lifetime of a wet storage.
(IAEA 2015, 13.)
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2.2 Dry Storage

Dry storages were developed as an alternative to wet storages in the late 1970's, when storage
pools in reactor buildings started to fill up with fuel. Dry storages are nowadays used in most
countries, except in Sweden and Finland. Generally fuel is transferred to dry casks after it
has been cooled down at least a few years in pools.

There are three categories of dry storage casks: casks for storage only, dual-purpose casks
for transportation and storage and multi-purpose casks licensed also for final repository in
the USA. Casks can be stored in buildings (Europe) or placed outside (USA).

Casks which are used also for transportation are required to withstand 9 m dropping and 1
m dropping to a bar without severe fuel damages. Cask shall also tolerate 30 minutes condi-
tions equivalent to burning, with minimum average temperature of 800 °C. Cask is required
also to stay intact while being immersed 15 meters under water for 8 hours, and 200 meters
for 1 hour. (IAEA 20123, 115-117.)

Cask loading can be done either as wet or dry loading. Wet loading is proceeded under water
and fuel is dried afterwards. Dry cask loading is performed in a hot cell, which is a specific

space including necessary equipment for drying and helium filling. (IAEA 1999, 3.)

2.2.1 Cask design and cooling methodology

Dry storages usually consist of cylindrical casks which are placed in a storage room. The
casks provide a physical barrier around the fuel. The casks secure a confinement and work
also as a radiation shielding. The casks can be made of steel only, or they may be covered
with a concrete shielding. Alternatively dry storages may consist of steel lined vaults or silos.

Fuel elements are located inside the vaults or silos either horizontally or vertically.

Typically the height of dry storage casks is 5-7 meters and their weight is over 100 t. Storage
capacity of one cask can vary from 10 to over 30 elements. Heat transfer capacity of a dry
storage cask is the limiting factor for the maximum power of fuel placed in a cask. This
means limitations to fuel burnup, enrichment and cooling time before placement to a dry

cask is possible.

An example of a cask design by Rosatom is presented in Figure 3.



21

Cover damper

External lid

Neutron shield

Internal lid

Operating pin

Neutron shield

Spacer grid

Operating pin

Bottom damper
Figure 3. Example of dry cask design TUK-141 (Makarchuk & Afonyutin 2015).

As we can see from an exemplary design in Figure 3, dry casks are typically closed with
double covers. Leaks between internal and external lids are measured. Typically the space
between the lids is filled with helium and pressurized approximately to 6 bars (IAEA 1999,
44). Pressure between the lids is measured, and pressure changes indicate a leak in one of
the lids. (Funke & Heinig 2008.)

Other measurements needed in a dry storage are measurements for cask's temperatures. After

the fuel is loaded into a cask, the cask is filled with inert gas and sealed. Cask lids can be



22

either bolted or welded, depending on the design. Bolted casks are easier to open, but weld-

ing is less vulnerable for rupture mechanisms. (Hanson et al. 2012, 115-147.)

Figure 4 presents a cask design with a concrete overpack and a steel container inside it.

The steel container can be moved separately during loading and unloading.
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Figure 4. HI-STORM canister design by Holtec International. Canister is placed inside a concrete
overpack (Holtec International 2016).

Cooling of dry cask is based on natural convection. Heat from fuel elements is transferred

to the outer surface of cask, and natural air circulation is cooling the surface.

2.2.2  Advantages of dry storages
A dry storage does not need any operational activities besides monitoring after the fuel is

placed in a cask. Dry cask cooling is passive, so there is no need for electricity for cooling
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of casks, but conventional ventilation of possible storage building may require electricity.
Power breaks are unlikely to cause any problems in dry storages. Demand of power in acci-
dent conditions is small, (only temperature and radiation measurements and emergency

lighting) and therefore it is easily backed up with batteries.

Passive cooling and a simple storage design ensure that managing a dry storage is easy. Need
of operational activities and maintenance is low. A storage building for dry canisters can be
simple and so it is inexpensive to construct. A building is not necessarily needed in dry cask
storage, but it is required in Europe.

Amount of used fuel in one storage canister is small. Due to this the radioactive release in a
situation where one canister is damaged is small compared to a situation where large amount

used fuel is uncovered.

In a dry cask the fuel is stored in an inert atmosphere, where corrosion is not affected. Usu-
ally the casks are filled with helium, nitrogen or argon. Hydrogen pickup reaction does not

occur in absence of water (Patterson & Garzarolli 2015, 2-1).

2.2.3  Challenges of dry storages

In a dry cask the fuel is stored in gas atmosphere, so the heat transfer is not as effective as in
water. Compared to wet storage the fuel temperature is hence higher in dry storage, typically
200-350 °C in the beginning of the storage period (IAEA 1999) which makes some failure
mechanisms, such as oxidation, more effective. Temperatures are however still quite low
compared to fuel temperatures in reactor conditions. After drying and a storage period in dry
cask conditions, retrievability of fuel needs to be considered. This is discussed in chapter
2.2.4,

Fuel drying is a time consuming operation that is done at the point when the fuel is moved
to dry casks. There is no universal process for fuel drying, each cask or canister design has
its own features. The fuel is generally dried to be as dry as possible, because the leftover
water participates in many degradation mechanisms. Normally water removal is done by
vacuum drying system and some water always remains in the cask. Water minimum can be

approximated but the real amount of water can only be studied if a cask is opened. Water,
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steam or water compounds left in the cask can have effect on cladding, fuel and cask hard-
ware condition. (Hanson et al. 2012, 51, 167.) Dry fuel cannot be easily submerged again in
water without risks. In dry cask the fuel is in high temperature, and rewetting the fuel rods
will cause large temperature gradients as the water vaporizes in the surface. Thermal stress

can rupture the fuel, especially if it has already brittled in reactor and during storage.

Finnish requirements do not consider a dry storage option explicitly. Since there have not
been any dry storage facilities in Finland, it is natural that detailed regulations for such sys-
tems are lacking. Some of the current requirements are hard to apply when dry casks are
used. Finnish regulations set requirements for monitoring of the fuel condition. Monitoring
of fuel conditions is difficult in a dry cask storage, because visual inspections of fuel can
only be done when the canister is open. Casks are either welded or bolted, and opening of a
cask can be complicated and time consuming. The intent of the fuel condition monitoring is
to ensure integrity of fuel cladding, which in pools is the main barrier against activity release;
in case of dry casks, the main barrier is the cask itself, and it might be possible to fulfil the

intent of the regulations by cask integrity monitoring.

Packing fuel to dry casks requires special equipment that is expensive and need to be con-
sidered during construction phase. Loading fuel to dry casks is a time consuming operation
and loading one cask can take several days due to fuel drying, filling of the cask with inert
gas and temperature stabilization. Fuel needs to be carefully dried to avoid water residues in

the cask. Residual water can react with fuel cladding and generate hydrogen inside a cask.

Dry casks have a limited maximum decay heat capacity. This means that the fuel needs to
be cooled in a pool for several years, before it can be transferred into a dry cask storage.
Sufficient cooling time depends on the fuel enrichment and burnup. Fuel with high enrich-
ment and burnup requires a longer cooling time in a pool. This means that plant site need to
have enough storage pool capacity for the fuel waiting for moving to a dry storage, so sig-
nificant pool storage would be needed in any case. The other option for packing fuel with
high decay heat, is to pack the casks only partially full, which may not be economically

feasible.
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2.2.4  Long term safety of dry storages

First dry casks were filled in 1980's so there is circa 30 years of experience of dry storages.
Casks are licensed only for a period of few decades, typically 40-50 years. The dry storages
seem to be safe and fuel condition kept quite good during the current licensing period. Ex-
tending storage time and storing higher burnup fuel are issues requiring more consideration
in future. (Hanson 2012, 1-9.)

Oxidation of zirconium cladding cannot normally occur in a dry cask, due to the inert gas
filling. However, if some water is left in the cask, then cladding oxidation might occur. Ox-
idation might also occur in the fuel side of the cladding, when zirconium reacts with oxygen
in the UO.. Oxidation of the cladding makes it weaker and more fragile. It might have an
effect on heat transfer and increase the fuel temperature. The thickness of the formed oxide
layer depends on for example the material composition of the alloy (Hanson et al. 2012,
100-101.)

Oxidation reaction also produces hydrogen. For every one zirconium atom oxidizing, four
hydrogen atoms are produced and approximately 20 % of the released hydrogen is absorbed
in the cladding, forming zirconium hydride, which makes the cladding brittle and reduces
ductility. Cladding failure might occur when fuel is cooled for example during the drying
operation. Cladding can also fail mechanically due to handling or transportation. (Hanson et
al. 2012, 89; Siegmann 2000, 30.)

Delayed hydride cracking may occur during dry storage and fuel transporting. In this phe-
nomenon, hydrides slowly form a crack through the metal and may cause a rod failure. Phe-

nomenon is caused by the cladding stress and can be result of internal pressure of the rod.

Based on former research, fuel failures are however assumed to be quite small for current
relatively small burnup fuels (maximum burnup 50 MWd/kgU). Fuel with higher burnup
produces higher internal pressures and higher strains inside the rods in dry storage condi-
tions. Internal pressures with high burnup fuel may be close, or even above the reactor sys-
tem pressure (Siegmann 2000, 29). Basically, this means that many of these failure mecha-

nisms are more likely, when the fuel burnup is higher.
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Cask inner components, like basket where the fuel is kept and neutron shields are also facing

different aging problems. Corrosion depends on the amount of water in the cask.

Neutron shielding is provided either by a concrete overpack or in case of dual purpose casks
by a specific shields. These shields are usually made of polymer based materials composed
of an effective neutron moderator and a neutron poison. The moderator (usually hydrogen
or carbon) slows down the neutrons and then neutrons are absorbed by the poison such as
boron. There are several failure mechanisms effecting the shields. Radiation causes embrit-
tlement, corrosion is possible if water residues are present. Effects are dependent on the
material of the shields. Cracking and thermal embrittlement of shields are likely during a
long time period, but the effect of this rupture on radiation levels is probably low. Radiation
levels caused by the fuel decrease during the long storage period. It is also possible to reme-
diate the shields. (Hanson et al. 2012, 130-135.)

Outer components of the container, like metallic body, bolts or welds and seals are exposed
to atmospheric effects, like the air humidity. This can lead to corrosion in the canister body
and the sealing system. Newer canisters are usually more immune for the corrosion effects

and the older ones have thick walls, so the consequences are likely to be minimal.

Sealing system is normally covered with special weather cover. Corrosion is likely to occur
in the seals of the weather covers, but these seals are easily replaceable. The inner cask seals
under the weather cover however may cause loss of confinement if they are not intact. It is
also complicated to change the inner seals, and the operation must be done in a hot cell. The
likelihood of the seals and bolts to break is however unknown. It depends on the stress in
which the seals are kept and the thermal gradients they are facing. (Hanson et al. 2012, 115-
147))

Concrete overpackings of casks also face several thermal, chemical, radiation and mechani-
cal phenomena impacting on their properties. Those mechanisms are basically well-known,

but further development on overpackings is still needed in long-term dry storages.

Confinement of the dry storage casks, as well as retrievability of fuel in long-term storage
needs more research. Especially dry storage of high burn-up fuel may create additional chal-

lenges in long-term storage.
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2.3 Comparison of the storage options

Both storage options have their advantages and challenges. Comparison of the storage op-
tions, taking into account Finnish conditions and fuel which is used in FH1, is given in Table

1, which summarizes the main differences of wet and dry storages.

Table 1. Comparison of wet and dry storages.

WET DRY
COOLING Active cooling system. Passive cooling system.
LONG TERM Low temperature, some rup- High temperature, but inert environment
INTEGRITY ture mechanisms are smaller. | reduces corrosion.

Suitable for only relatively low decay
heat. With high burnup fuel a long cool-

FUEL Suitable for all kinds of fuel. S .
ing time in wet storage is needed before
dry storage.

LICENSABILITY Well known. Not earlier experience in Finland, may

need regulatory revision of requirements.

BUILDING Need to be airplane crash pro- | Not necessarily need to be airplane pro-

tected. More complex. tected, building can be simpler.
Might require more interfaces .
INTERFACES with NPP. Can easily be separate from NPP.
Relatively simple with a wet May require a hot cell, drying of fuel is
PACKING transfer cask, faster packing time consuming, so longer packing proce-
procedure (1-2 days/cask). dure (4-5 days/cask)
OPERATION AND Takes more effort Maintenance is easy, amount of opera-
MAINTENANCE ' tional waste is low.
MONITORING OF | Easy, visual inspections can be | Visual inspections require opening of a
FUEL CONDITION | done under water. cask
Requi i f k, which re-
EVACUATION Requires extra pool. equires opening ot a cask, whicn re
quires a hot cell.
. Dual-purpose casks can be used for
TRANSPORT Requires transport casks.

transport also.

Optimization of fuel element Depending on final disposal concept,
FINAL DISPOSAL arrangements to final disposal | might require more effort and equipment
is possible. at the repository facility.

Overall the passive cooling system is the greatest benefit of dry storage option. It makes dry
storage less vulnerable in internal and external hazards and exceptional conditions. Due to

passive system, maintenance is also easier and amount of operational waste lower.

One of the greatest benefits of the wet storage option is the suitability for high burnup fuel,
which can be stored in dry casks only after a long cooling period in a pool. In FH1 spent fuel
storage the fuel burnup is relatively high and so the decay heat is also high. None of the
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currently licensed cask designs on the market seems to meet the requirement for decay heat
removal capacity without a long cooling period in a pool. (Hautojarvi et al. 2016.) For ex-
ample, based on an analysis performed for a certain suitable widely used reference cask, the
required cooling time in a pool would about double compared to what is achieved in FH1
NPP. The achieved cooling period is relatively short in FH1 NPP for example due to the
evacuation requirement set by YVL guides (YVL D.3 2013, §438) which needs to be taken
into account. After the cooling period which is achieved in FH1 NPP, the analyzed reference
cask could be filled only ~50-60 % full. (Sorjonen 2016.)

If a dry storage option were chosen in FH1, there would be two options: either to build more
wet pool storage capacity away from the reactor or to fill up the dry casks only partly full.
Filling the casks partly full does not seem to be economically feasible. One option would be
also to design and license a new dry cask with greater heat removal capacity. Testing and
licensing of a new cask would however be a long process, and it seems to be challenging
taking into account the current timetable. (Hautojarvi et al. 2016.)

Other benefits of wet storage option are accessibility of the fuel and in Finland the earlier
experience in licensing wet storages. Handling the fuel is more difficult and time consuming
in dry storages, where fuel is dried and casks are sealed. Wet storage option is also more
suitable for Finnish final disposal concept. Disposal concept consists of capsules that are to
be filled with fuel elements of different ages. When using a wet storage, the suitable elements
for one capsule can be packed to transfer cask in the storage, whereas with a dry cask storage

the elements need to be taken from many different casks at the final disposal facility.

Wet storage pools in Finland need to be covered with an air-plane proof building. Whether
or not this concerns dry storage casks also is unclear. The airplane protection is a great factor
in the costs of the storage building. Construction of a wet storage requires more time and

money than a dry storage, if procurement of dry casks is not taken into account.

Traditionally, if procurement of dry casks is taken into account, dry cask storages have been
much more expensive than wet pool storages (per stored fuel element), but under current
regulatory framework the difference in economic feasibility between a wet and a dry storage

is less significant. (Hautojérvi et al. 2016.)
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3 ACCIDENT SCENARIOS

Faults in systems, human errors and natural disasters could cause serious damage in spent
fuel storages. Chapter 3.1 describes possible accident scenarios in wet storages. Possible
consequences are described in chapter 3.2 and past accidents in 3.3. Accidents in dry storages

are discussed in chapter 3.4.

3.1 Internal and external hazards

Possibility of serious accidents in spent fuel pools has been under consideration since the
Fukushima Daiichi nuclear accident in 2011, even though the regulations define them prac-
tically eliminated (IAEA 2016, 64). Spent fuel storages are usually considered safe because
of the low decay heat, so serious accidents in spent fuel storages have not been systematically
studied. However consequences of accidents in spent fuel storages could still be severe. Fuel
damages, hydrogen explosions, zirconium fire and radioactivity releases could occur in case

of natural disasters, terrorism, airplane crashes or other hazards.

More systematic approach to internal and external hazards may be required by IAEA in fu-
ture storage designs, as the IAEA guidance is updated. Also consideration of reasonable and
logical combinations of different hazards may be required . Examples of these combinations
are for example earthquake and tsunami, and collapse and fire. Also combinations with low
likelihood but high potential consequences should be considered. (IAEA 2017, 22.)

Results of natural disasters are hard to predict and can be sudden and severe, as seen in
Fukushima. Events as wide as earthquake and tsunami in Fukushima are highly unlikely,
especially in Finland. In addition to natural disasters, internal events, like human errors or

component failures might cause disturbance in pool cooling.

Event groups are divided to event categories based on their consequences and assumed fre-
quency. Categories are design basis conditions (DBC), design exception conditions (DEC)
and severe accidents (SA) (YVL B.1 2013). Severe accidents are not included in spent fuel
storage design, since they are practically eliminated. Some events and hazards and their

event categories and assumed frequencies are presented in Table 2.
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Table 2. Main internal and external hazards and initiating events for spent fuel storages (Rein
2016.)

Initiating event group Event category Frequency
Fuel mishandling DBC 2 f>1021/a
Disturbance in fuel pool cooling DBC 2 f>1021/a
Loss of off-site power, short DBC?2 f>1021/a
Break in the cooling circuit DBC 3 102 1/a>f>1031/a
Droppir_wg of container contain- DBC 4 102 1/a>f> 10 1/a
ing fuel bundles
Fire DBC 4 103 1/a>f>10°%1/a
Earthquake DBC4 102 1/a>f>10°1/a
Light airplane crash DBC 4 1023 1/a>f>10%1/a
Loss of ultimate heat sink DECA f<10*1/a
Loss of off-site power, long DECA f<10*1/a
Airplane crash DECC 10°1/a>f>1071/a
Large earthquake DECC 10°1/a>f>10"1/a

3.1.1 Fire

A fire can be ignited in a storage building as a result of for example an electrical fault or a
lighting strike. Fire could damage process or electrical systems, and lead to a loss of power.
Also the structures could be damaged. To minimize the fire damage, buildings are usually

divided to fire compartments, which will prevent spreading of fire.

In FH1 used fuel storage design the most important systems in spent fuel cooling are redun-
dant and also divided to different fire compartments. Therefore local fire damages are not

likely to cause serious problems in cooling of the pools.

3.1.2 Earthquake

Finland is seismically one of the quietest places in the world. Yearly in Finland is measured
from ten to hundred earthquakes, whose magnitudes are typically 0-3 on Richter scale (a
logarithmic scale for earthquake magnitude). The most powerful earthquake in the history
of Finland happened in the Gulf of Bothnia in 1882, and its magnitude was 5. Earthquakes
on such small scale as in Finland are highly unlikely to cause significant damage to buildings
or systems. (Institute of Seismology 2016.) Earthquakes with magnitude over 5 may damage
poorly structured buildings, and over 6 may damage well-build, but not earthquake protected

structures.
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Design basis earthquake is assumed to happen once in 1000-1 000 000 reactor years and
design extension earthquake once in 100 000—10 000 000 reactor years. Vital systems and
structures, like the pool structures and fire water connections are designed to withstand de-

sign extension condition earthquakes.

According to Barto et al. (2014, 29) spent fuel pools are likely to stand several earthquakes
without structural failure. Possibility of a release due to an earthquake is estimated to be

lower than once in a ten million reactor years.

As seen in Fukushima, the plant might survive an earthquake, but problems occurred due to
the other phenomenon caused by the earthquake. The issue was no flooding as such, but the

ensuing loss of all redundant safety process systems and their power supply.

However tsunamis are practically impossible in Finland, due to the shallow sea. Meteotsu-
namis, tsunamis caused by meteorological phenomenon, are possible in Finland and the
small ones are even gquite common. Highest measured meteotsunamis in Baltic sea are ap-
proximately 1,5 meters high, so they are unlikely to cause damage to NPP:s or spent fuel
storages. (Jylha, Kamarainen, Pellikka et al. 2015.) Power supply in FH1 is secured by plac-
ing components 4 meters above the sea level. Process building as well as the emergency

diesel generators of the plant are also placed several meters above the sea level.

3.1.3 Airplane crash

Airplane crashes to nuclear plants have not been recorded. Designing an airplane crash pro-
tection is nevertheless required, as the possibility of an intentional airplane crash terror attack
cannot be completely excluded. There is also a threat of intentional or unintentional aircraft
crash, and it must be considered in design of spent fuel storage. (IAEA 2003, 34-35.)

Effects of an airplane crash can be divided to global and local. Global effects include struc-
tural deformations, collapse and overturning, and can lead to functional failure of systems
or components. Local damage includes penetration, scabbing and spalling. Also possibility
of a fire and an explosion caused by the fuel of the airplane should be considered. (IAEA
2003, 34-35.)

Frequency of a light airplane crash in FH1 spent fuel storage is assumed to be 1/1000 — 1/1
000 000 and a large airplane crash 1/100 000 — 1/10 000 000. (Rein 2016). Airplane crash is
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considered in FH1 storage design to minimize the consequences. Structures will be designed
to protect the fuel in case of accidents. It would be harder and more expensive to protect the
whole cooling system of a wet storage from airplane crash, than only pools and emergency

feed water systems, which are placed in a relatively small area.

3.1.4 Terrorism

Actions preventing damages in case of a terrorist attack, are similar to airplane crash pre-
vention actions. Airplane crash is in IAEA documents assumed to be the enveloping sce-
nario. (IAEA 2003, 35.) Subjects linked to intentional malevolence in nuclear plants are
however classified.

Nuclear plants are protected with security arrangements, and when spent fuel is stored in the
plant site, the storage is also covered with security actions of the plant. Plant site has safe-

guards and structural means to prevent external threats.

3.1.5 Fuel mishandling and dropping of loads

Fuel handling situations are usually considered as one of the most risky operations in normal
operating of spent fuel storages. Operational experience has shown that there is a chance of

damaging the fuel elements, even though the consequences are not likely to be serious.

Dropping a fuel element could in theory lead to many different accident scenarios. The fuel
cladding could be damaged and cause leaking of radioactive substances to the pool. Fuel
deformations could also occur, causing problems to the fuel handling and storing. One con-
sequence could be an increase of the possibility of a criticality accident. Radiation exposure
of workers is possible in case fission products are released. Load dropping may also result
in damages on pool structures, which may lead to leak of the pool water. (IAEA 2012b, 45,
75.)

Dropping accidents shall be prevented by design features. This means preventing transfers
of heavy loads over other equipment and pools, and minimizing the lifting height. Safety
features must be considered also in design of cranes and fuel handling machines. Number of
operator failures should also be minimized for example by applying "four eyes principle” (at

least two persons working on a same task). (IAEA 2012b, 72.) Other factors which reduce
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the risk of dropping of loads are clear guidance, educated and experienced workers and suit-

able working conditions.

3.1.6  Loss of power

Wet storage cooling is highly depending on electricity, and so the loss-of-power disturbs the
functioning of the cooling system. Short power breaks are quite likely (1 in 100 reactor years)
to occur during the lifetime of the storage, but due to large water mass on pool, effects on
pool temperature and fuel are slow. Problems occur when the duration of the power break
exceed several days. More discussion about the phenomenology of loss-of-cooling accident
and results is in chapter 3.2.1.

Hazards and natural phenomena can lead to loss of external power. External power loss can

also occur in case of a disturbance in power grid.

3.1.7 Break in the cooling circuit

A break in the cooling circuit can cause a loss of cooling accident, by causing a damage to
the cooling system. How serious the damages are depends on the design of the cooling sys-
tem. For example if the system consist of two redundancies, in case of a leak in one redun-
dancy, the other could be used. It is however possible that the pool water level decreases due

to the leak and this might disturb the cooling function.

There is also a contamination risk in case of a leak in cooling system. Normally the activity
levels in pool water are however relatively small. This depend on fuel condition, a leaking
fuel rod could increase the activity of water. Leaking elements are not always stored in fuel
pool, or they are placed inside special casks (Hozer, Szabom, Somfai & Cherubini 2014, 35,
109-111)

In case a heat exchanger between cooling circuits leaks, the contamination of intermediate
circuit or sea water is possible if the pressure levels are such that the pool water leaks to the
intermediate circuit. In FH1 interim spent fuel storage facility design the pressure of inter-

mediate circuit is higher than pool water circuit's, which prevents such leak.
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3.1.8 Loss of ultimate heat sink

Loss of the ultimate heat sink, which is typically either a sea or a cooling tower, will disturb
the pool cooling system. In some cases, there is an alternative heat sink available, such as an
auxiliary cooling tower. In these cases there is no danger, and cooling can be maintained by
using the alternative form. In a situation when there is no alternative heat sink, pool temper-
atures start slowly rise and eventually water inventory will be lost. Results of loss-of-coolant

are described in chapter 3.2.1.

Loss of the ultimate heat sink can be a result of for an oil accident or other chemicals in the
sea or caused by weather conditions, like frazil or packed ice. Sea water flow can be also
disturbed by sand, mud or clay or even algae or other organisms. In Sweden even jellyfish
have caused disturbance in sea water cooling by clogging the water intake pipes (O'Rourke
2013).

The risk of loss of ultimate heat sink should be taken into account when choosing the plant
site. The features of the seabed shall be studied. Water inlet structures shall also be designed
s0, that the clogging of the pipes is very unlikely. This can be done for example with different
filter solutions, with heating of the water and the structures, or with an alternative water inlet.
The condition of the sea water shall also be observed, and for removing possible dross shall
be suitable cleaning systems or methods. (YVL B.7 2013; YVL B.7 Justification memoran-
dum 2013.)

Spent fuel storage of FH1 has its own cooling system, that is not connected to the cooling
system of the plant. Sea water system has two redundancies, that are physically separated to
different fire compartments of pumping station. Sea water is taken in through an intake
screen and a net filter to an intake chamber from where it is pumped to a heat exchanger.
There are also two different water intake branches: the branch, which is normally used, goes
directly out to sea and the other, which is used in case of sea water intake freezing, goes to
the specific intake chamber. (Terasvirta 2017b.)

3.2 Possible consequences of accidents
Natural disaster, terrorism, human errors and other events discussed in chapter 3.1 can have
severe consequences in spent fuel pool. They can induce loss of cooling system and/or loss

of coolant, which can lead to a fuel damage. This, or a fuel damage by any reason, can cause
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radioactive releases and danger to the surrounding environment. One issue to be considered
in exceptional conditions is criticality that could also have severe results in a spent fuel pool.
In this chapter the phenomena may occurring in accidents are discussed.

3.2.1  Loss of cooling

LOCA (loss of cooling accident) can be a result of loss of the cooling system and heat re-
moval by boiling, or a leak in the pool. Fuel damages are possible if the fuel is uncovered,
but under water damages are unlikely. shows the accident phenomenology in case the fuel

pool cooling is lost.

Fuel uncovery Severe fuel damage Recovery
Loss of cooling
function Oxidation in
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uncovery FP release Hydrogen Severe fuel

production failure
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Figure 5. Accident phenomenology in spent fuel pools (Adorni, Esmaili, Grant, Hollands, Hozer et
al. 2014, 87).

Loss of cooling system in a spent fuel pool leads to water heat-up. Due to the large water
mass in the fuel pool the process is slow, and the pool reaches the boiling temperature in a
few days, depending on the decay heat of the fuel. Decreasing of the pool surface is slow,
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and fuel uncovering will be an issue after several days, or usually in weeks. Boiling will
eventually lead to uncovering of the fuel, unless the cooling system is restored or sufficient
amount of water is injected to the pool regularly.

After the loss of cooling the fuel temperatures start to rise. Partly uncovered elements may
be cooled enough by steam flow, if water surface is high enough. The more the water level
drops, the less steam is produced in the bottom to cool down the upper part. Partly uncovered
fuel may be cooled only by upward steam flow, if the geometry of the fuel elements or the
fuel racks in the pool prevents horizontal flow between the elements as often is the case.

Figure 6 shows cooling flows when fuel is covered, partly uncovered and totally uncovered.

Figure 6. Partly uncovered fuel is cooled by steam produced in the covered part. Totally uncovered
fuel is cooled with natural air circulation.

Totally uncovered fuel is cooled by natural circulation of air. Effectivity of this cooling de-

pends mainly on decay heat of the fuel and the configuration of the storage rack.

Boiling will release steam to the pool room and make working conditions in the room more
severe. This basically means that it shall be possible to perform the pool cooling actions
outside the pool room. As the pool level decreases, the radiation levels in the room increase
and eventually prevent access to the room. Room might also contain air contamination, if

the pool water included radioactive particles due to for example a leaking fuel element.
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High temperatures damage the fuel elements. Uncovering of the elements and temperature
rise can cause ballooning on the fuel elements. When temperatures increase, the internal
pressure of the rods rises and cladding expands in radial direction. This can eventually lead
to cladding rupture. The deformations of cladding tubes are basically controlled by stress,
temperature and creep strength. Creep depends on e.g. oxidation and material properties. In
high temperatures (above 800 K) creep may cause significant deformation even in few
minutes. (Adorni et al. 2015, 103-104.) During LOCA the fuel racks are also heated and

may be damaged, which may create new paths for water flow between the elements.

Rewetting of fuel after the dryout can cause even more damage to the elements, when tem-

peratures decrease quickly.

3.2.2 Leaks in fuel pools

Consequences of uncovering of the fuel elements are similar in pool leaking scenario and in
pool boiling scenario. The difference is that the water might leak out and pool drain relatively
fast in case the leak is large. Leak in a pool can be caused by a large variety of reasons.
Possible causes for leakages are liner failures, leaks between pool gates and seals and leaks
to connected systems. Pool leaking can be a result of human errors, system ageing or an

external hazard.

In case of a leak in a pool, the water level starts to lower and the cooling might be disturbed
due to the low water level. Effects on the fuel depend on the level to which the water surface
decreases. If the fuel is uncovered, results are similar to boiling scenario. In case the fuel is
only partly under water, temperature difference between the covered and uncovered parts of

fuel element could be high.

Water mass in a spent fuel pools is large, so a leakage need to be quite wide to decrease the
surface fast. For example, a significantly large leak of 2 kg/s decreases FH1 spent fuel pool
water level 6 meters in 72 hours. In this case the level would still be 4 meters above the top

of the fuel. This would not create a significant radiation dose increase to workers.

Leaking scenarios in at reactor-pools differ from those in away-reactor-pools. Pools con-
nected to reactor have more possible gates and seals, like reactor cavity seals, that can dam-
age and cause liquid level decreasing in SFP.
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Probability of a liner error in SFP is relatively high. Operating experience study in USA
shows that seven liner leaking incidents happened between years 1980-1997. None of these
incidents however led to large leak rates. Besides liner leak, pool water can leak through
connected systems. This option is even more likely in some types of pools, and leaks through
systems can be relatively large. However this could be prevented by right pool design, espe-
cially in away-from-reactor pools. Water loss might occur also by leaking through seals.
(Ibarra, Jones, Lanik, Ornstein & Pullani 1997, 13).

Leaks can be detected from liquid level or a detection system, depending of the type of leak.
Pool water level in the pool is measured constantly. Liner leaks are detected with a leak
detection system. The system consist of channels that are individually monitored. (Ibarra et
al. 1997, 2.)

Finnish spent fuel storages are designed so that in case one storage pool is leaking, fuel can
be moved to an empty pool. Regulation D.3 says that the storage facilities for nuclear fuel
and their use shall be planned so that any storage pool or the reactor core can be emptied of
nuclear fuel for the purpose of repair work. (YVL D.3 2013, 8438.)

3.2.3  Oxidation and Hydrogen Generation

Zirconium is used widely for cladding material of PWR (Pressurized water reactor) fuel,
because of great mechanical and corrosion properties, and low neutron absorption. Zirco-
nium cladding however reacts with oxygen of water, steam or air forming zirconium oxide,
which makes the material more fragile and eventually leads to degradation of the cladding
material. Reaction occurs even in moderate temperatures (Causey, Cowgill & Nilson 2005,
9), but oxidation reaction accelerates when fuel temperature gets higher. In low temperatures
< 700 °C the reaction is quite slow. There are some variance in oxidation of different clad-
ding materials (Zircaloy-4, ZIRLO etc). (Steinbruck, Vér & Grof3e 2011.)

Oxidation of cladding is an exothermic reaction which rises temperature rapidly. Release of
energy depends on temperature and reaction rate. (Adorni et al 2015.) Reactions are pre-
sented in the following equations. (Barin 1995 [Durbin, Lindgren & Goldmann 2016, B-1])

Zr + 0, - Zr0, AH,,,, = —1095 k] /mol 1)
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1 S
Zr + 5N, = ZiN AHpy = —365 k] /mol ©)
1 S
ZrN + 0, - Zr0, + =N, AHyn = =729 k] /mol (4)

2

where AH,.., is the the energy released at 1500 K.

At first the reaction is rapid on clean zirconium surface, but then a protective oxide layer
forms at the surface and the reaction rate decreases. After that the oxygen only reacts with
zirconium after having diffused through the oxide layer. (Durbin et al. 2016:B-1.) The oxi-
dation rate is low as long as the oxide layer remains intact, but eventually there will be a
breakaway point, when the oxide layer no longer protects the cladding underneath from ox-
idation. The breakaway point will eventually be reached in case the fuel is exposed to steam

or air for a long time.

Reaction rate increases again after this breakaway point, as the protecting ability of the oxide
layer is lost. As presented in equations (3) and (4), zirconium reacts also with nitrogen, form-
ing zirconium nitride, which also reacts with oxygen forming zirconium oxide. This makes
the cladding material more fragile. Therefore the oxidation phenomenology in air differs
from reactions in steam. Generally the oxidation is much faster in air. The barrier effect of
the cladding is lost earlier in a case when there is nitrogen present, than in steam conditions.
(Steinbruck & Bottcher 2011.)

In case of fuel is uncovered in pool partially or totally the temperatures rise and oxidation
reaction accelerates. The overheating of fuel elements due to oxidation can eventually lead
to releases of radioactive particles and gases and melting of the fuel, but also so called zir-

conium fire. This phenomenon is described in chapter 3.2.4.

Oxidation can be approximated quite accurately with correlations and by using kinetic data
in low temperatures (below 700 °C), but in high temperatures and with high burnup fuel the
correlations and data differ slightly. This may be due to difficulties in measuring the tem-

perature accurately. Above 1500 °C predicting of the oxidation is even harder, and above the
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fuel cladding melting, there is no data at all. (OECD/NEA. 2009.) Melting point of Zircaloy
Is above 1900 °C (Sailor 1987, 50).

As a side effect of oxidation reaction, hydrogen is produced. The amount of generated hy-
drogen depends on the reaction rate of the oxidation reaction. When oxidation reaction ac-
celerates, also the amount of hydrogen increases. When hydrogen mixes with surrounding
air, it can cause an explosion in spent fuel storage. (Carlos, Sanchez-Saez & Martorell 2014.)

The risk of hydrogen production and explosion is taken into account in reactor plant designs,
but hydrogen explosion prevention mechanisms are not included in most spent fuel storages.
This is basically based on practical elimination of serious accidents: hydrogen explosion is
avoided when spent fuel is kept covered with water and temperatures do not rise high enough
to produce significant amounts of hydrogen. A draft of International Atomic Energy Agency
(IAEA) regulations for spent fuel storage (IAEA 2017) mentions protection against hydro-
gen explosions even in spent fuel storages and therefore there may be a need to pay more
attention to this in the future.

3.2.4  Burning of Zirconium Cladding

Zirconium fire when the fuel is exposed to air is probably the most dangerous accident sce-
nario in spent fuel pools. The self-sustaining oxidation reaction makes temperature rise rap-
idly and causes ignition of zirconium cladding. It can cause melting of fuel and large radio-
active releases. Zirconium fire might occur during a loss of coolant accident in fuel pools, if
the fuel cladding temperature rises to ignition temperature after the fuel has been exposed to
air. (Sailor, Perkins, Weeks & Connell 1987.)

Temperature required for zirconium fire is rather high. Some researches approximate igni-
tion temperature to be around 1100-1200 °C. (Durbin et al. 2016). Ignition temperature is
however complicated to solve. Realistic analyses require knowledge of several different as-
pects, and the calculations are often quite complex. Usually conservative analyses are pro-
duced using an assumption for minimum ignition temperature based on earlier test results.
(Elias, Hasan, Nekhamkin 2015.)

Such high temperatures in fuel pool after uncovering can be a result of accelerating oxidation

reaction in temperatures above 700 °C. Oxidation reaction is exothermic and produces more
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heat in addition to fuel decay heat. Heating during loss-of-cooling accident can be rapid and
ignition might occur even with only partially uncovered fuel. After ignition fuel temperature

rises rapidly and can reach almost 2000 °C.

It is assumed that zirconium fire could occur only with reasonably fresh fuel, when decay
heat is high (Boyd 2000). Probability of zirconium fire depends on storage configuration.
Reaching ignition temperature is more likely with high density racks and higher power den-
sity than low density racks. (Sailor et al. 1987, 107.) High burnup as well as dense storage
configuration increase the temperatures in dry-out cases in pools. Earlier test and analyses

results with different burnups and storage configurations are presented in chapter 3.3.

3.2.5 Radioactive Releases

One main difference between radioactive releases from reactor core and spent fuel pool is
that if spent fuel is not located inside a containment, it is easier for releases to be carried to
the environment. The storage building is usually not totally tight and releases from pool are
possibly transferred out of the building. Storage building ventilation system however may

include filters, which prevent some releases from spreading.

Leaking fuel under water is not likely to cause large emissions, whereas fuel exposure and
damages may lead to radioactive emissions. Releases under water, for example releases from
a leaking fuel rod are usually not transferred outside of the pool, because most particles stay
in the pool water. From pool water they can be filtered with pool water cleaning system,

which is normally included in wet storage concept.

Releases in case the fuel is exposed can be significant in case of a cladding failure. Cladding
failure may occur in case the temperature in the pool increases to level in which cladding
rupture occurs due to the internal pressure or melting of the element. (Benjamin, McCloskey,
Powers & Dupree 1979, 12)

Isotopic composition of a release depends on the age of the fuel. Due to radioactive decay
recently removed fuel includes more radioactivity than older fuel. Old fuel contains mainly
long lived isotopes, whereas the isotopes with short half-live have decayed. Therefore the

content of a release from a fuel rod differs according to the cooling time of the fuel. Another
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factor effecting to the release content is the accident phenomenology, for example fuel tem-

peratures. (Sailor et al. 1987.)

3.2.6  Criticality

Criticality accidents with spent fuel are overall very unlikely. Based on public references, it
seems there has been no criticality accidents in spent fuel storages. The fuel is usually re-
moved from reactor, because it no longer can sustain a chain reactor in reactor conditions.
However, lowering the fuel temperature increases reactivity, as does immersion in water (the
moderator), hence the criticality risk is carefully studied when designing a spent fuel storage.
Criticality accident could have severe consequences for retrievability of fuel but also to

workers and environment.

Conditions in spent fuel storage, during handling and during transportation must be such that
effective multiplication factor Kes is in normal conditions kept under 0.95 and in other design
basis conditions under 0.98 (YVL B.4 2013, §504). Effective multiplication factor depends
on fuel parameters, configuration of the storage rack and void fraction of the coolant. In a
storage pool the fuel racks must be designed so that obtaining criticality is impossible in all

scenarios. The same principle is required during transport of fuel also.

Partial loss of coolant could in low density racks lead to positive reactivity feedback, espe-
cially if borated water is used. Loss of coolant and loss of neutron absorption in water cannot
however cause criticality accident, because the rack configuration shall be designed to main-
tain Kefr under the criticality limit even when water is partially lost. Criticality could in theory
become an issue in a storage, if the fuel rack configuration was changed due to for an exam-
ple a load dropping accident, an earthquake or fuel melting during a long-term loss of coolant
in the pool. Configuration change could make an overmoderated storage configuration less
overmoderated and increase the reactivity. Criticality accident in case of a fuel melting
would require fuel with significantly higher enrichment than what is normally used in light

water reactors. Normal light water reactor fuel could not become critical without moderator.
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3.3 Earlier Analyses

This chapter includes earlier test and modelling results on phenomena described in chapter
3.2. Loss of coolant accidents in spent fuel pools have been widely analysed in several coun-
tries already in 1980s but interests have grown again after Fukushima accident. NRC in USA
have studied the subject of zirconium fires lately (Durbin et al. 2016). Also for example in
France is a large ongoing research program called DENOPI, which considers for example
the thermal hydraulics of a pool and fuel assemblies in 2013-19. (Trégoures, Mutelle, Duriez
& Tillard 2015.)

One subject under consideration earlier and lately is the phenomenology of loss of coolant
accidents. The temperature rise due to the loss of coolant and oxidation reaction has been

studied, as well as the ignition of the zirconium cladding.

Cooling of elements after a loss of coolant accident depends on geometry and properties of
the fuel. Partly uncovered elements are usually cooled only by steam flow from the lower
part of the fuel. The cooling may be effective enough, if the water level is high enough.
MELCOR calculations (Jackel 2013) suggest that fuel temperature could be kept under 800
°C even if the water surface is 1.5-2 m under the top of fuel elements. This is however
dependent on the fuel geometry. The more the water level drops, the less steam is produced
in the bottom to cool down the upper part. Temperatures in cladding when water level de-

creases are presented in Figure 7.
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Figure 7. Maximum cladding temperature at different water levels (Jackel, 2013)

Zirconium fire might occur if the temperature rises to ignition temperature. Fuel with higher
burnup is more likely to produce enough decay heat for ignition. An example of effect of
decay heat in drained spent fuel pool is shown in Figure 8 (Nourbakhsh, Miao, Cheng 2001,
4-5)
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Figure 8. Effect of decay heat on axial variation of clad temperature. Channels between elements
are only connected beneath the racks, and the space above racks (Nourbakhsh et al. 2001, 4-5).
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In Figure 8 the effect of the higher decay heat on cladding temperature can be seen. The

higher the decay heat is, the higher is the cladding temperature, and so the oxidation rate is

also higher. This means also a higher risk for the zirconium ignition.
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Figure 9. Comparison of maximal fuel temperatures calculated without evaluation of steam-zirco-
nium reaction and when this exothermic reaction was taken into account. (Kaliatka et al. 2011.)

Kaliatka, Vileiniskis and Uspuras’ RELAPS analyses results (2011), presented in Figure 9

show effect of hydrogen generation on fuel temperatures. The geometry change due to fuel

melting at 2500 °C however has not been taken into account, and therefore the results above

the melting temperature are possibly unreliable and the temperatures unrealistically high.

The fuel elements included in analyses are different aged with different decay heats. Storage

times of all elements are relatively short compared to FH1 cooling time, as seen in Table 3,

which includes the fuel characteristics.

Table 3. Fuel characteristics in analysis of Kaliatka et al. (2011)

Spent fuel
_Groups of SFAS Assumed assembly | Amount of assemblies | Group power,
in RELAPS5 and storage deca in a arou KW
ASTEC models time heat k)<N group
12111 8 days 521 166 864.9
12211 137 days 1.281 1182 1514.1
12121 2 years 0.489 892 436.2
n S:;FS’E'”Q 12221 3 years 0.254 5661 1437.9




46

Temperature rise with relatively fresh fuel according to Wu's MAAPS calculation (2014) is
presented in Figure 10. Pool is full of fuel placed on high density racks. Total decay heat of
the pool is 8.9 MW, of which 7.9 MW is from 157 assemblies recently moved from reactor.
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Figure 10. Fuel cladding temperatures at loss-of-cooling accident with high decay heat fuel (Wu et
al. 2014, 202)

Temperatures in analysis presented in Figure 10 rise rapidly to 2000 °C after uncovering.
Zirconium cladding ignition would occur in this scenario. The accident in this case leads

also to radioactive releases.

MELCOR-calculations (Ahn, Shin & Kim 2016) with dense racks and decay heat power of
15 MW indicate also the probability of zirconium fire in pool. Pool includes different aged
fuel mixed, and 177 of the total 1037 assemblies are recently moved from reactor. Results

are presented in Figure 11.
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Figure 11. Cladding temperatures during LOCA in pool. Ring 1 consists of fuel elements with
higher decay heat and ring 2 the rest of the bundles. (Ahn et al. 2016, 75)

Calculation results in Figure 11 are quite similar as in Figure 10. Temperatures rise rapidly

after the pool has drain, especially in the elements with higher decay heat.

Alvarez (2003) claims that convective air cooling could however keep fuel cladding temper-
ature below 900 °C even in dense racks, if fuel decay heat is below 15 kW/ty. This is the
decay heat of typical light water reactor fuel after one year's cooling. In Alvarez calculations
it is assumed that air flow maximum is 0,34 m/s and there is no blockage of the flow. With
an open rack configuration the fuel could be kept under the damaging temperature already
five days after removal from reactor. (Alvarez 2003, 19-20; Benjamin et al. 1979, 85.)

The effect of possible air cooling is huge on spent fuel cooling after dryout. According to
Nourbaksh et al. (2001, 4-5) there may be a difference of hundreds of degrees in cladding

temperature depending on inlet air velocity, as shown in Figure 12.
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Figure 12. Effect of the air inlet velocity on cladding temperature. (Nourbakhsh et al. 2001, 4-5.)

In case of Hanhikivi 1 spent fuel storage the fuel burnup is relatively high 60 MWd/kgU, but
decay time in SFP is quite long (typically at least 7 years for one batch when it is transported
in to the storage pools). Most of the results in this chapter have been calculated with fuel

with shorter decay time, but also smaller burnup.

According to Boyd's test results (2000) fuel with as long decay time as FH1 is not likely to
generate enough heat to start a zirconium fire. For example fuel with burnup of 40 MWd/kgU
and decay time of 2 years, fuel cladding temperature rises to 1047 °C, which is still lower
than ignition temperature 1100-1200 °C (Durbin et al. 2013). For fuel with decay time of 6
years and same burnup 40 MWd/kgU, the maximum temperature is 445 °C. Increasing
burnup from 40 to 50 MWd/kgU increases the maximum temperature from 573 °C to 712
°C with 4 years old fuel.

3.4 Past Accidents
Spent fuel pools have over 50 years of history, and operational experience during that time
seems to be mainly positive (IAEA. 1999, 8). However, some incidents have taken place in

fuel pools and systems linked to them during those decades. This chapter describes some
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past accidents and incidents in spent fuel pool storages. Accidents in dry storages are de-

scribed in chapter 3.5

Number of accidents and incidents in spent fuel pools have been quite low during the last 50
years. According to Ibarra et al. (1997, 9-10) in United States between years 1984 and 1996
occurred 93 actual and 78 precursor events in spent fuel pool storages. The events were
divided in two categories: pool cooling and pool inventory (meaning amount of water in a
pool). Only 10 inventory events led to decrease in the pool level, and in two of them level
decreased more than 1,5 meters. In 3 cooling events temperature increased more than 10 °C.
Most of the loss of cooling events were caused by loss of electric power to pumps and most
inventory events by problems in connected systems. Many of these events were caused by
human errors. Due to lack of automatic functions in SFPs, detection and recovery actions

rely on performance of human operation.

The most recent and well-known accident happened in Fukushima nuclear station in Japan
in 2011. The consequences of this in spent fuel pools were however not as serious as was
expected at the time. Other incidents discussed below are the cleaning tank -incident at Paks

and the Bruce-A incident.

3.4.1 Fukushima

Fukushima accident started when an earthquake took place on March 11, 2011. Units 1-3
were operating and units 4-6 were under an annual outage. After the earthquake the off-site
power was lost and the cooling was secured via emergency diesel generators. Tsunami
caused diesel generator black-out and units 1-4 lost power supply and fuel pool cooling.
One emergency diesel in Unit 6 continued to function and later power was supplied also for
unit 5. (Adorni et al. 2015, 53-77)

After loss of the core cooling fuel damage occurred in reactors of units 1, 2 and 3. Explosions
in units 1 and 3 were result of the hydrogen generated in damaged fuel. Hydrogen explosion

in Unit 4 was probably result of hydrogen leaking from unit 3 to unit 4 building.
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In Fukushima Dai-chi power plant the spent fuel pools were located in the reactor buildings
in each unit. Pools were located in the secondary containment, outside the primary contain-
ment covering reactor. Apparently there were no fuel damage in spent fuel pools during the

accident.

At unit 1 the explosion was caused by the hydrogen generated in reactor. Fuel pool was
cooled by injecting water to compensate the evaporation until an alternative cooling system
was started on August 10. According to Tokyo Electric Power Company TEPCO, that is the
operator of Fukushima Daiichi, pool liquid level never decreased lower than 4 m above the
top of the fuel racks (Adorni et al. 2015, 63). Water temperature was kept under 70 °C.
Measurements show that there is some activity in the pool, but it has probably been trans-
ported from reactor as a result of the containment failure.

At unit 2 there was no explosion that could have damaged the upper containment ceiling.
Nevertheless particularly high activity levels, 10° Bg/ml, were measured in the fuel pool
soon after the accident. These releases are assumed to have come from the reactor. Later
measurements have shown an increase in the amounts of cesium in the pool water about 1
year after accident. This 100 Bg/ml activity is assumed to be from leaking fuel elements.

There is no evidence on large fuel damages in the spent fuel pool.

Unit 3 explosion caused large damage to the building and parts of the roof dropped to the
spent fuel pool. Water level in the pool dropped slightly during the accident and was recov-
ered by injecting water and later by using an alternative cooling system that was built. How-
ever there is no sign of fuel damages or leaks, and activity in the pool seems to be originally
from reactor. Activity in the spent fuel pool was apparently all from reactor and no fuel

damage occurred in the pool.

Many different explanations were proposed for the unexpected hydrogen explosion in unit
4. Unit 4 was under inspection and fuel was removed from reactor during the accident, so
the reactor could not cause the hydrogen explosion. Hydrogen could have been generated in
spent fuel pools, but this was unlikely since the decay heat in the pools was low. Later it was
proven that water levels in SPF never dropped below top of the fuel. Estimated water level

and temperature in the pool are presented in Figure 13.
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Figure 13. Unit 4 spent fuel pool level during the accident according to TEPCO (2012). Water lev-
els in other pools were higher during the accident. (Adorni et al. 2015, 74.)

Significant fuel damage has not been detected in the fuel pool of unit 4. Activity levels in
the fuel pool were not higher than in the other fuel pools and showed no evidence of serious
fuel damage. Later measurements however indicated some possible slight damage of the fuel
elements, but the damage would be smaller than in the SFP of the unit 2. (Jackel, 2014)

The most likely theory of explosion in SPF of unit 4 is that hydrogen would have been trans-
ported from unit 3. This could have been possible through the pipes, because during the

accident and a power break, the fans were not operating. (INPO 2011, 33)

At units 5 and 6 the fuel pools were cooled basically all the time. Short power breaks do not

have significant effect on pool temperatures, because of the large water masses.

3.4.2 Paks cleaning tank

Cleaning tank incident in Paks nuclear power plant in Hungary is not a typical SFP accident,
but gives information about fuel behavior during accident conditions. Accident happened in
2003.

Thirty fuel elements were closed in a tank for chemical cleaning. Cleaning was done in a

service pit, where cleaning chemicals were circulating through tank via cleaning system.
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After the cleaning operation was finished, tank cooling was continued using a submersible
pump. Mass flow of the system was significantly lower than during the cleaning. Fuel was
left to the tank for several hours, because the crane was proceeding to other tasks. Figure 14

shows the cleaning process.
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Figure 14. The spent fuel cleaning process in Paks (OECD-IAEA Paks Fuel Project Final Report
2009, 8)

Few hours later the measurements showed an increase in activity levels in the cleaning sys-
tem. Tank cover was opened and the pool liquid level decreased 7 cm while the activity
levels in the pool increased significantly. Measurements identified fission products in the

pool water and noble gases in the reactor hall.

Later studies showed that mass flow in tank did not keep the fuel temperature low enough,
even though the decay heat was low. Coolant started circulating only in the lower part of the
cleaning tank leaving the top of the elements heating up. The perforation holes in the shroud
enabled another circulating path when the flowrate was small. Upper part of the fuel was
heated up and generated steam blocking flow in the upper part of the tank. The fuel was

without cooling for several hours and heated up to above 1000 °C. Fuel rods oxidized and
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cladding was embrittled. Opening the tank cover and reflooding the tank caused damage to
the cladding. (OECD-IAEA 2009, 10-12.)

Radioactive releases to the environment were significantly low in this case. Incident hap-
pened in a closed container under water, and most of the released activity was absorbed to
the pool water and eventually the water was decontaminated. In case the tank would have
been located above water surface, the results would have been more serious. Fuel damages
released radioactive isotopes of iodine, cesium, xenon and krypton. (Hozer et al. 2014.)

After the accident the damaged fuel was removed from tank and placed in containers. Con-

tainers were stored in a spent fuel pool and will be reprocessed. (Adorni et al. 2015, 51.)

Paks incident indicated the fuel behavior in spent fuel pool accidents in a small scale. Acci-
dent did occur under water, when results were not as severe as they could have been. Emis-
sions were practically avoided. However it shows how fuel can be damaged if cooling is

lost, and fuel damages can occur even with low decay heat.

3.4.3 Bruce-A

In Bruce Candu-type nuclear plant in Canada fuel was damaged during fuel transfer in 1983.
Fuel element was left in a transfer chamber for several hours due to problems with equip-
ment. A discharge valve was left closed and the air injected to the chamber was trapped,
causing uncovering of the fuel. Boiling occurred in the chamber and the fuel was uncovered
overall approximately five hours, even though the chamber was filled with water once, when
the valve was opened. After five hours the gate was opened and the chamber flooded. Radi-
oactive releases were measured in the room. Fuel was damaged and ballooning occurred,
even though the fuel was Candu fuel with only 0.7 % of U-235 and the burn-up was very
low. (Adorni et al. 2015, 47-48.)

3.4.4 Minor incidents

In addition to accidents presented in earlier chapters, there have been some situations that

could have potentially led to fuel damage.

At Kozloduy (VVER-440/230) nuclear power plant unit 1 in 1995 water level decreased
below allowed level. During the refueling outage all fuel assemblies were placed in SFP on



54

two levels. Emergency boron tank had been in process for heating up. Due to operator error
a valve that was supposed to be closed was left open when cleaning was finished and other
valves opened. 10 minutes later radiation levels in the room increased and level decreasing
was noticed. Water level decreased 0.5 meters below the lower limit before the refilling was
started. (Gantchev. 1996.)

Fuel pool level decreased also in Edwin I. Hatch Nuclear Generating Station (BWR with
Mark1 containment) in USA in 1986. A single air supply valve was isolated to the six gate
seals of the transfer canal, and seals partly deflated. During 24 hours the pool level decreased
~1.7 meters. Level was noted being low and make-up water was added several times but
there was attempt to identify the cause of level reduction. Leak was not detected from the
canals, because leak detection alarm was miscalibrated and a drain valve was left open.
When the cause was noted the air supply was restored and the leak was stopped. After the
accident there has been made some corrective actions, like alternate gate seals. (Ibarra et al.
1997, 12.)

At Haddam Neck PWR nuclear power plant in 1984 over 700 m® water was lost from pool
due to a failure of reactor cavity seals. Due to a gross failure the seals were significantly
misplaced, and in 20 minutes over 700 m® water was drained to the containment. Transfer
of fuel was ongoing, but none of the elements was being moved at the time. That would have
led to partial or complete fuel uncovering and possible increase in radiation level, cladding
damage and activity releases. Similar failure occurred also at Surry Unit 1 (PWR) in 1988,
and approximately 100 m® water was drained to the containment. Neither of these cases
resulted any damage, but cavity seal problems have been studied and fixed since the acci-
dents. (US. NRC 1984; Ibarra 1997, 12.)

A load dropping led to a liner leak in Hatch NPP in 1994. A core shroud bolt was dropped
which caused liner failure in a pool. Approximately 2.65 I/min leaked between the liner and
concrete structure of the pool. The level of the pool was restored and maintained with normal
make-up water. (Ibarra et al. 1997.)

3.5 Accident scenarios in dry storages

Due to passive cooling and small amounts of fuel in one place, dry storages can be consid-

ered quite safe on a large scale. Dry storage casks are designed to withstand dropping, fire
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and submersion. Therefore casks are unlikely to break in normal conditions. Most of the
problems in dry storages consider either the cask seals or long-term condition of the fuel

inside the cask.

Cask leaking is possible during long storage periods. Leaks in cask seals are more likely
with bolted than welded casks. The fuel may need to be evacuated from a leaking cask to
another. This can be difficult depending on the condition of the fuel. Also the cask seals can

be replaced in the case of a leaking cask.

Cask integrity has its limitations. During accidents casks withstand fire for 30 minutes. If
they are kept in flames for longer times, it would lead to a cask failure and fuel damage. Also
if cask is covered with for example remains of collapsed building, heat removal is disrupted,

and fuel can heat up. Instant fuel failures in accident scenarios are however unlikely.

Cooling of a dry cask is based on natural convection and the air flow around the cask. In
case the cask is covered with trash, leaves, snow or parts of a collapsed building, the cooling
can be disturbed. Disturbance of cooling will in long term lead to overheating of the fuel, so

it is important to remove debris from around the cask after such an event.

Also in case of an airplane crash to a dry storage fuel damages and releases are possible.
Releases from one storage cask are not large, but in case many casks are damaged, the con-
sequences are wider. Protection of the dry cask storage against an air plane crash is not spe-
cifically required, even though the options of an airplane crash shall be considered in design
(IAEA 2012b, 54-55.)

Cask design by Sierra Nuclear Corporation has however caused hydrogen ignition events.
Cask includes zinc-carbon coating, which protects the metal from borated water. Electro-
chemical reaction between zinc and zinc-carbon coating generates hydrogen inside the cask.
(Macfarlane 2001, 217). In Point Beach nuclear station in Wisconsin, USA, hydrogen igni-
tion occurred during welding of the shielding lid. The lid was displaced due to the explosion,
but no measurable radioactive releases were detected and fuel was not damaged. Hydrogen
generation in same type of casks has also caused cracking in the sealing and welds in Trojan
and Palisades plant sites in USA. (IAEA 1999, 49.)
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As a result to the Point Beach accident, US. Nuclear regulation Committee suggested eval-
uation of possible chemical reactions that might occur on current cask designs. Also consid-

eration should be given on material choices on cask coatings and other materials. (US. NRC
1996.)
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4 WET STORAGE MODELLING

Modelling of wet storages can give us information of the system behavior without experi-
mental data or accident history. Different simulating tools can give us further information
about fuel behavior, operating parameters of the cooling systems and the conditions in acci-
dent scenarios. Models and analysis can support design process as well as confirm the safety

of a storage concept.

In Table 4 examples of calculation tools and programs for different phenomena important in

spent fuel storages are presented.

Table 4. Different modelling tools that could be use in spent fuel storage examinations.

Physical phenomenon Calculation Example programs

Computational Fluid Dy-
namics

Ansys-Fluent,
Neptune
Thermal hydraulics

Apros (Finland),

System codes TRACE (USA)

Monte Carlo codes Serpent (Finland),

Criticality

MCNP (USA)

Fuel behaviour, fission
product release

ASTEC (IRSN, France),
MAAP (EPRI),
MELCOR (US. NRC)

4.1 Apros

Apros - process simulation software is developed by Fortum and VTT since 1986. Apros is
dynamic simulation software and can be used e.g. for modelling of different power plants,
including their automation and electrical systems. Apros can simulate plant behavior and
even fast transients. Apros has proven to be essential in various engineering tasks, like safety

analyses, training and process optimization and design. (Fortum & VTT 2016.)

Apros code has been validated in more than 70 different cases. Separate effect tests has been
used for validating the thermal hydraulic models and process component models. (Ylijoki,
Norrman, Silde & Urhonen 2015.)
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Apros calculation is mainly one-dimensional. Thermal hydraulic solution is based on equa-

tions for mass (5), momentum (6) and energy balance (7). (Apros User Manual 2005.)

s4p SAp (5)
5t T =0

SApv  SApv? SAp (6)

5t T Ter tar

SAph  SApvh 7
ph  8Apvh _ @)

ot 0z 2

where S; and Sy are source terms. The enthalpy in equation (7) is the total enthalpy including
the kinetic energy.

Thermal hydraulic flow model in Apros can be homogenous, 5-equation (rarely used) or 6-

equation-model. (Apros User Manual 2005.)

4.2  Model of Hanhikivi I interim storage

Apros nuclear version 6.05 is used for modelling wet storage for spent fuel. Apros model for
spent fuel pool is based on Fortum's design and features are adapted to model in an adequate
level. Some systems are left out, because they are unnecessary for the simulation. Spent fuel
pool model consists of two pools, pool circuit, intermediate circuit and sea water system. It
also has a cooling tower model and pool room included. Only one of two redundancies of

the cooling system is modelled.

Model is one dimensional and flow model is mainly 6-equation-model. The pool room is

modelled using containment model of Apros.

Cooling systems consist of pumps, heat exchangers, piping and valves. A schematic of the

wet storage cooling system of Hanhikivi 1 spent fuel storage is presented in Figure 15.
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Figure 15. A schematic image of the wet storage cooling system of FH1.

The maximum temperature of the pools during normal operation is 45 °C, when the sea water
temperature is at its maximum 25 °C. The temperature change in each counter flow plate
heat exchangers is approximately 8 °C. Temperatures and mass flows in each circuit of the
designed Apros model at normal operation conditions are presented in Figure 16. Tempera-
tures of pool water and cooling circuit used in Apros model correspond to the design values,
and the mass flows are scaled down according to the decay heat in pools compared to the

actual design.

44.3 °C 60 kg/s
Pool

36.6 °C

/
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Intermediate
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30.5°¢ ‘\g Sea water
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Figure 16. Mass flows and temperatures in cooling circuits at normal operation conditions in the
Apros model.
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Both fuel pools consist of 24 nodes, of which two are in the same level. Nodes are placed in
two rows to enable water circulating in the pools. As 1-dimensional the calculation the nat-
ural flow however is not very accurate in pools. Nodes including the fuel elements are higher
than the others, because they represent the height of the whole fuel rack. The lowest nodes
are smaller than the rest. The rest of the nodes are similar. Two uppermost nodes are above
the pool normal liquid level and below the pool cover. Pool 2 diagram is presented in Figure
17.
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Figure 17. Pool 2 diagram in Apros model of spent fuel storage of FH1. 12 nodes in each side are
numbered from bottom to top.

Fuel elements are modelled as a single heat element component. Component geometry in-
cludes all fuel elements. Fuel heating power in one pool is assumed to be 1 MW. This rep-
resents the conservative maximum load in one pool at the end of plant lifetime, if the total
heat load 3.5 MW is not dispersed equally in four pools. Pool walls, pool floor and the pool



61

cover are modelled with heat structure components of Apros. Pools are also connected to

each other with a heat structure wall.

Besides fuel pools, the model includes one redundancy of the cooling system. Geometry of
the Apros model corresponds to the storage design, but some component attributes are scaled
down for the total heating power of 2 MW. This practically means scaling the mass flows in
circuits down with factor 2/3.5. This is because only two pools of four are modelled, and the
total decay heat of those pools is 2 MW while the actual cooling system is designed for 3.5

MW in four pools.

Pool circuit includes a pump, a heat exchanger, an equalization tank and also fire water con-
nections to the tank and to the pool cooling lines. Equalization tank is connected to an envi-

ronment node. Pool circuit diagram is presented in Figure 18.

Fire water connection N/ J_ From the intermediate circuit To the intermediate circuit
é-?
AN 4 C) )

To Pools

Environment
L@k

[+

Lf;(}—@—EH

Fire/demi water connection to the tank

Figure 18. Pool circuit diagram. Pool circuit is marked with red lines and intermediate with blue
lines. Connections to pools are in the left side and heat exchanger to the intermediate circuit on the
top. Fire water connections are in the left upper and lower corners.

Most pipes in the pool circuit and the intermediate circuit are modelled with heat pipe com-
ponents of Apros, and heat losses to environment are modelled. Environment is modelled

with a single node with a temperature of 30 °C.
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Intermediate and sea water circuits are presented in Figure 19.
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Figure 19. Intermediate circuit (light blue) and sea water circuit (dark blue) in the right side. Con-
nections to the cooling tower (purple lines) and bypass line are located near the middle of the dia-
gram.

Intermediate circuit consists of heat pipe components, heat exchangers and a pump. Also an
expansion tank is included. The intermediate circuit is connected to a cooling tower, which

can be used if the sea water circuit is lost. Cooling tower is presented in Figure 20.
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Figure 20. The cooling tower diagram of FH1 spent fuel storage model.
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Figure 21. The pool room consisting of containment nodes. Environment node is in the top right
corner and connections to the pools are located in the two lower left nodes.
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Storage facility is modelled only as a single pool room (Figure 21), and the process building
is left out. The room walls and the ceiling are modelled with heat structures. The ventilation
of the room is modelled simply with two pipe components to environment. The evacuation
pool is modelled with one containment node. Steam condensing on the walls is assumed to
return to the modelled pools, if it condensates on walls near the fuel pools, and to the evac-

uation pool if it condensates to walls in the other end of the pool room.

A simple manual calculation can be made to approximate the boiling time of the pool. As-

sumptions which are made for the manual calculations are presented in Table 5.

Table 5. Assumptions made for the manual calculation of pool heating.

Heat of vaporization 2260 | kl/kg
Specific heat 4186 | J/kgK
Pool water mass 1143000 | kg
Pool water temperature 45 | °C
Pool water boiling temperature

(Higher than normal due to the 103 | °C
hydrostatic pressure in pool)

Heating power 1| MW

Based on the manual calculations with heating power of 1 MW and assuming that there is
no heat losses to environment, boiling would occur in 3,2 days. In the Apros calculations
boiling conditions are reached in 4 days. The difference is due to modelling of heat losses to
the concrete walls and to the room above the pool in Apros model. According to these cal-
culations, approximately 20 % of the heat produced by the fuel goes for the heat losses.

The nodalization of the pools is quite rough. This means that the temperature profile cannot
be studied in very detailed level. Also the temperature profile of fuel elements is not very
specific. All fuel elements in the pool are modelled only with one heat structure component,
which therefore have equal temperature profile horizontally. They are also connected to only
one thermal hydraulic node, and therefore the temperature profile in a node is not studied

either.

Flows in the pool cannot either be studied specially. Apros is not a CFD calculation tool,
and therefore the flow models in this kind of pool are simplified. Pools are modelled with
two rows of nodes to enable simple water circulation in the pools, but other than that the

flows are not studied.
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5 SAFETY ANALYSES

Safety analyses help predicting plant behavior, possible accidents and human errors. In this
thesis, thermal hydraulic safety analyses for the wet storage concept of FH1 are performed

using Apros software. The model used is described in chapter 4.2.

5.1 Background

Finnish YVL-regulations set the requirements for deterministic safety analyses (YVL B.3
2013.) Thermal hydraulic analyses are required to be done using either conservative or best
estimate values. In this case the conservative values are chosen. Further analyses and sensi-
tivity study for heating power of the elements, boundary temperatures and nodalization of

the pools are possibly performed at the later design phase of FH1 spent fuel storage.

Analysed cases are based on initiating events that are identified to be the most relevant in
case of a spent fuel pool. Initiating event groups and main hazards are specified in tables 6

and 7 as follow.

Table 6. Initiating event groups (Rein 2016)

Group ID Initiating event group Ez;:/tzrgljf)ry
NOC Normal operation DBC1
FUHA Fuel mishandling DBC 2
DCOOL Disturbance in fuel pool cooling DBC 2
LOOP_POOL Loss of off-site power DBC 2
FUHAL Fuel mishandling leading to fuel leak DBC 3
SLOCA Break in the cooling circuit DBC 3
DROP lI;)urr?glpelsng of container containing fuel DBC 4
NOCOOL Non-operability of fuel pool cooling DBC 4
LLOOP_POOL | Long loss of off-site power DEC A
LUHS Loss of ultimate heat sink DEC A




Table 7. Main hazards for spent fuel pools. (Rein 2016)

Group ID Initiating event group Eavteerg];f)ry
FIRE Fire DBC 4
EQ Earthquake DBC 4
LAPC Light airplane crash DBC 4
EQC Earthquake DECC
APC Airplane crash DECC
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Calculated cases are based on the events listed in tables 6 and 7. Selection of calculation

cases is justified in analyses specification (Tynys 2017a.) From the point of view of the

process, many of the suggested hazards and initiating events lead to similar cases, for exam-

ple to the loss of the whole cooling system. Some initiating events are covered with more

than one analysis case depending on used assumptions, for example combining a single fail-

ure or loss of external grid with the initiating event. Some events, like dropping of the con-

tainer, cannot be analysed with Apros, so such analyses are produced by other means and

are not described in this thesis. The cases that are calculated using Apros are presented in

Table 8.
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Table 8. The calculated analysis cases and the initiating event groups they are based on.

Event
Initiating event group category Analysis case Actions Case
Dlstur_bance in pool' cooling DBC 2
(without single failure)
Break in the cooling circuit _
(without single failure or loss DBC 3 | Oneredundancy | Cooling systemtest | Case 1:
of external grid) functioning with one redundancy 1RED
Fire
(without single failure or loss DBC4
of external grid)
Loss of ultimate heat sink : .
S Loss of sea wa- Using the cooling Case 2:
(normal flinctlonlng of the DEC A ter tower TOWER
ower)
Non-operability of fuel
pool cooling DBC 4 Cooling system Case 3:
Break in the cooling circuit failed and restored | .|\ "o
(with single failure and/or loss DBC 3 after 72 h.
of external grid)
Fire Loss of cooling
(with single failure and/or loss | DBC 4 system;
of external grid) short Cooling system
: : long failed and restored
Loss of ultimate heat sink ) Case 4:
(non-functioning of the tower) | PEC A after 5d. Waterin- | /"0
Disturbance in pool cooling | 5~ 5 jected through the
(with single failure) fire water system.
. DBC2/
Loss of off-site power DEC A
Air plane crash DECC
Earthquake DECC
Disturbance in pool cooling
(with single failure that can- DBC 2
not be repaired)
Break in the cooling circuit
(with single failure that can- DBC 3
not be repaired) Case 5:
Non-operability of fuel Cooling system Regular fire water FISReE—-
pool cooling DBC 4 destruction injection WATER
(cooling cannot be restored)
Fire
(with single failure that can- DBC 14
not be repaired)
Loss of ultimate heat sink
(non-functioning of the tower
and the ultimate heat sink can- DEC A
not be restored)

The analyses are postulated using mainly YVL B.1 and B.3 requirements (2013). By these

analyses shall be proven that the 72-hour-self-sufficiency criterion is fulfilled. Analyses shall
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prove that the fuel integrity can be secured 72 hours without any operational actions or sys-
tems, that are not safety classified. As required in YVL B.3 (2013) requirement 413, the
suitable time delays for all operator actions are assumed. A single failure and loss of the
external grid is assumed for suitable event groups, as described in Table 8. More detailed

description for the requirements used in analyses are described in Appendix 1.

Basically the analysis shall prove that the fuel integrity is maintained in analysed cases and
the spent fuel pool can be brought to the safe state with designed functions. Functions
planned to be used and functions needed in each case are presented in Appendix 2 and dis-

cussed more specifically in a separate more detailed analysis report (Tynys 2017b).

Analysis cases 1-4 are simulated at least until the safe state is reached or can be seen that
the system is going towards it. Safe state in this spent fuel storage refers to a state where fuel
storage pool temperature is low enough to maintain water clarity, decent working conditions
in the pool area and the integrity of pool liners, there is no release and decay heat is trans-
ferred to the ultimate heat sink (Rein 2017). In this case the required temperature of pool
water is determined to be below 80 °C, which is design basis in DBC 3 and DBC 4 and DEC
conditions, and below 60 °C in case the cooling tower is used. These values are based on
design values of the storage (Terasvirta 2017a). Normal operation temperature of the storage
is at maximum 45 °C, and cases are mainly calculated, until most of the nodes are near to

this temperature.

Analysis case 5 shall prove that the fuel pool can be kept in controlled state (either boiling
or non-boiling), which refers to a state where normal operation decay heat removal functions
are unavailable and decay heat is heating the fuel pools (controlled state non-boiling) or the
removal of decay heat is secured by boiling the fuel pool water (controlled state boiling)
until cooling functions will be restored. (Rein 2017.)

Acceptance criterion for the analysis is that the pool water is kept at sufficient level. It can
be assumed that the fuel remains intact as long as it stays under water. In this case the ac-
cepted water level is 4 meters above the top of the fuel racks. This is high enough to keep
the fuel covered and to maintain the radiation level in pool room at an adequate level. The

used criterion for water level also enables transfers of inside a pool or from one pool to
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another. Conditions where fuel is transferred into or out from pools are assumed to be such

short time periods in a year that they are not taken into account.

5.2 Results

The main results of the analysis cases listed earlier in Table 8 are discussed in this chapter.
More figures and results are presented in Appendix 3. More results can also be seen in a
separate more detailed analysis report "Preliminary Thermal Hydraulic Safety Analyses for
UFC" (Tynys 2017b). Conservative assumptions are made for initial and boundary condi-

tions as specified in Table 9.

Table 9. Assumptions made for initial and boundary conditions.

Water level (from sea water level) [m]

Normal conditions +10

At the beginning of analysis 1,2,3,4 | +9.55
At the beginning of analysis 5
(the same as after 5 days in analysis | +9.6
case 4)

Boundary condition temperatures [°C]

Air outside the cooling tower 30
Ground outside pipes 25
Air outside pool room 30
Ground around the pools 25
Sea water temperature 25
Fire water temperature 20

Before the analyses are performed, the Apros model is simulated for some time. This is done

in order to ensure that a stationary state has been approached.

The results for each analysis case are presented in separate chapters. In addition to these
cases, a situation, where no actions were taken after the loss of cooling has been analysed.
In a case where all cooling systems were lost and not restored and no water was injected to
the pools, the top of the fuel was uncovered in 25 days. The water level decrease in this case

is presented in Figure 22.
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Figure 22. Water level decrease in a case when no cooling or cold water injecting is provided. Fuel
elements are located between the horizontal red and green lines.

Vertical nodes in right side of the pool are presented in figures numbered from bottom to
top. Normal water level is in the middle of node 11 (N11) and fuel elements in node 2 (N2).
The pool level in left side nodes is similar to right side and therefore not presented to keep
the figures more clear. After the top of the fuel is reached, fuel damages and releases are
possible. However in this work, this is not analysed because the scenario where the fuel is

uncovered is practically eliminated.

5.2.1 Casel: 1RED

The cooling system of the wet storage concept of FH1 consists of two separate redundancies.
If one redundancy fails, the other can be used. Losing of one redundancy can be a result of
for example a component failure, local fire event or other disturbance in cooling. Progression

of the analysis case is described shortly in Table 10.



Table 10. Progression of analysis case 1.

Time

[hh.mm:ss] Sl

00.00:00 Beginning of analysis, pool level +9.5 m

00.05:00 Pool circuit pump shut down

00.10:00 Intermediate and sea water pumps shut down

01.05:00 Sea water circuit pump started again

01.10:00 Intermediate circuit pump started again

01.15:00 Pool circuit pump started again

03.00:00 Temperatures in pools stabilized back to nor-
mal level
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In case a cooling redundancy is lost, the other can be started. In this analysis, it is assumed

that the redundancy is started one hour after the other has failed. During this time the tem-

peratures in pools do not increase significantly. Temperatures are presented in Figure 23.
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Figure 23. Temperatures in different nodes of pool 1 when the cooling is lost for an hour.

Nodes in figure are numbered from bottom (Nol) to top (Nol11). Node 1 is below the fuel

elements and connected to the cooling system cold water inlet, and therefore normally colder
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than the nodes above. Other results can be seen in appendix 1. This short period of loss-of-

cooling does not have an effect on pool water level or the pool room temperature.

5.2.2 Case2: TOWER

If sea water is lost due to natural phenomenon, accident or a common cause failure of sea
water pumps, the cooling tower can be used. Progression of the analysis case is described
shortly in Table 11.

Table 11. Progression of the analysis case 2.

Time
[D hh.mm]
00.00 Beginning of the analysis
00.05 Sea water pump shut down
05.00 Cooling tower valves opened
05.01 Sea water heat exchanger valve closed
8d 00.00 Pool temperatures stabilized and analysis finished

Event

Temperatures in pool when the sea water is lost and the use of cooling tower is started after

5 hours are presented in Figure 24.
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Figure 24. Pool 1 temperatures in different nodes when sea water is lost and cooling tower is on
use.

When the cooling tower is used, the pool temperatures are higher than with the sea as the
ultimate heat sink. In this analysis the pool temperatures settle below 57 °C when cooling
tower is in use. The lowest node Nol is below the fuel elements and connected to the cooling
system and therefore is colder than the other nodes. The uppermost node number 11 is only
partly filled with water and therefore, as the room temperature is lower than the temperature
of the pool water, the average temperature of this node is lower than the temperature of the
other nodes. Temperatures rise to this level slowly during 8 days after the loss of ultimate

heat sink.

Temperature in cooling tower inlet need to be above 50 °C for the tower to function properly.
Pool temperature increases until this is reached. The cooling tower outlet temperature is then

circa 44 °C. More figures of case 2 are presented in Appendix 3.

5.2.3 Case 3: FAIL72h

The pool cooling system is totally lost, when both cooling circuit redundancies are non-

operable. This can be a result of for example a loss of external power or a common cause
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failure of pumps. In the case 3 an event when the cooling system is lost for 72 hours is
examined. According to YVL guides (YVL B.1 2013) the fuel pool cooling shall fulfill the
72-hour-self-sufficiency criterion. This means that the fuel pool cooling shall be maintained
for 72 hours without any active systems. In this case that means, that when the cooling sys-
tem is lost, the heat must be transferred from the fuel to the water mass or by boiling during
the first 72 hours. During the first 24 hours no actions shall be done, but during the next 48
hours material replenishments are allowed using the material reserves in the plant site. In

this case only batteries of measurements and emergency lighting are needed to be powered.

Table 12. Progression of the analysis case 3.

-[rlgrrk]ﬁ].mm] S

00.00 Beginning of analysis

00.05 Loss of electricity, all pumps and ventilation shut down.
01.00 Valves in pool circuit closed to prevent pool circuit heating

3d 00.00 Electricity restored

3d 00.01 Pool circuit valves opened

3d 00.05 Sea water and intermediate pumps started

3d 00.08 Pool circuit pump started

3d00.30 Ventilation started

5d 05.00 Pool temperatures stabilized and analysis finished

When the fuel pool cooling is lost, temperatures in the pool start to rise, as presented in
Figure 25. The analyses show that within 72-hour self-sufficiency criterion the pool stays in

a controlled non-boiling condition.
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Figure 25. Temperatures during loss of cooling and restoring of cooling system. In 72 hours the
pool temperature rises near to 90 °C. Boiling does not occur and cooling system can be normally
restored.

After 72 hours temperatures in the pools have increased to over 80 °C and the liquid level
has increased due to density change. The cooling system can be restored normally without a
cold water injection to pools.

5.2.4 Case 4: FAIL5d
If cooling system is lost due to for example a loss of external power, a common cause failure,
or some other cause, boiling will eventually occur in the pools. In analysis case 4 the cooling

system is lost for 5 days. Progression of the analysis is presented in Table 13.
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Table 13. Progression of the analysis case 4.

Time
[D hh:mm]

Event

0d 00.00

Beginning of analysis.

0d 00.05

Loss of electricity, all pumps and ventilation shut down.

0d 01.00

Valves in pool circuit closed to prevent pool circuit heating.

4 d 00:00

Pool starts to boil.

5d 00:00

Electricity restored.

5d 00:00

Cooling circuit valves opened.

5d 00:05

Water injection 15 kg/s to the pools 1 and 2, from demi/fire water
connections above the pools.

5d 00:45

Pool water level reaches 10 meters. Injection to pools stopped.

5d 00:47

Sea water and intermediate pumps started, pool lines open.

5d 00:50

Pool circuit pump 30 %

5d 01:00

Pool circuit pump 50 %

5d 01:02

Pool circuit pump 70 %

5d01:10

Fire/demi water injection 5 kg/s to the equalization tank.

5d 04:30

Pool circuit pump 100 %

5d08:15

Fire/demi water injection to the equalization tank decreased to 2
kgls.

5d 09:00

Pool water temperature decreased below the boiling temperature,

5d 09:00

Fire water injection to the equalization tank. stopped.

6 d 00:00

Ventilation started.

8 d 00:00

Pool temperatures stabilized near the normal temperature and analy-
sis finished.

Boiling temperature in the pool is reached in 4 days if cooling system is lost. Temperatures

in different elevations settle between 100 and 115 °C, as shown in Figure 26.
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Figure 26. Temperatures in different nodes of pool 1 when cooling system is lost for 5 days. Boil-
ing occurs after 4 days.

After boiling in the pools has started, it is not possible to restore the cooling system without
a cold water injection, because of the effects of the boiling in cooling system components.
Restoring is hardest when pool liquid level has not yet decreased significantly. When pool
level decreases, the pool water level must be increased to the level of cooling system con-
nections before the cooling can be started. Fire and demineralized water connections to the
pools can be used for filling the pool to suitable level to be able to use the outlet connection
of the cooling system. Filling the pool with cold water decreases the pool water temperature

making restoring of the cooling system easier.

Injection to the equalization tank is needed to keep the water in the pool cooling circuit under
the boiling point. Condensation in the heat exchanger can cause pressure surges which can
damage the heat exchanger. Also cavitation in the pump inlet may occur in high tempera-
tures, damaging the pump. Boiling in the cooling circuit must be prevented in all cases when

the cooling circuit is used.

Cold water injection to pools and equalization tank are presented in Figure 27.
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Figure 28. Temperatures in pool 1 when cooling system is restored after 5 days power break.

Nodes are numbered from bottom to top.
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Pool temperatures (Figure 28) mainly decrease near to normal level after three days of cool-
ing. The analysis is calculated until the temperature in most nodes is below 50 °C. The up-
permost node is in significantly higher temperature than lower nodes at the end of the anal-
ysis. This is because the cooling system connection is below the node and water does not
mix very effectively when the hot water is above the cold water. The mixing is temporarily
more effective when ventilation is started after 6 days, as can be seen in Figure 28. Temper-
ature of node 11 would eventually decrease to same level as the other nodes. All tempera-

tures are below 80 °C, which is the limit for these specific conditions.

5.2.5 Case5: FIREWATER

In case of total loss of cooling system, due to for example an earthquake or plane crash, the
pool can be cooled by injecting water through the fire water system. Progression of the anal-

ysis case where this is analysed is presented in Table 14.

Table 14. Progression of the analysis case 5.

Time
[D hh:mm:ss]
5d 00:00:00 Starting point after 5 days of boiling

Event

5d 00:00:00 Boiling

5d 00:05:00 Injecting 20 kg/s fire water to the pool

5d 00:09:10 Water injection stopped

5d 04:09:10 Injecting 20 kg/s fire water to the pool

5d 04:13:20 Water injection stopped

5d 08:13:20 Injecting 20 kg/s fire water to the pool

5d 08:17:30 Water injection stopped

5d12:17:30 Injecting 20 kg/s fire water to the pool
5d 12:21:40 Water injection stopped
5d 13:21:40 Analysis finished

When pool is boiling the vaporization from one pool to the room is in Apros model 0.3-0.4

kg/s. Sufficient amount for water injection is then a little over 1 m%/h. This water mass can
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be transferred for example with fire trucks if all plant site water connections and inventories

are lost.

Temperatures in case 5, when water is injected to the pool, are shown in Figure 29.
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Figure 29. Pool temperatures when cold water (temperature 20 °C) is injected four times every 4th
hour from the fire water connections above the pool.

In analysis case 5, 5000 kilograms water is injected to the pool approximately every 4th
hours. This amount is sufficient to keep the water level approximately constant. Injected
amount is similar to the minimum capacity of a fire truck. Mass flow of regular water injec-
tion to the pool after 5 days without cooling and liquid level during injection are presented

in Figure 30 and Figure 31.
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Figure 30. Pool liquid level during boiling and water injection.
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Figure 31. Fire water injection to the pools when cooling system is lost.
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6 CONCLUSIONS AND FURTHER RESEARCH

Both wet and dry storages have their own challenges and advantages. Wet storage is more
vulnerable to hazards and human errors, but it has benefits in fuel condition monitoring and
suitability for fuels with different decay heating powers. Dry storage is based on passive
cooling and needs only few operational activities, but has not been licensed in Finland be-
fore. Limited capacity for managing decay heat flux of fuel with high burnup can also be an

issue in dry storage.

In case of FH1, the most suitable storage option seems to be a wet storage. The fuel burnup
and the decay heat of the chosen fuel are relatively high. The limiting factor is the heat
removal capacity of a dry cask, and none of current cask designs meet the requirement for
decay heat removal capacity of the fuel planned to be used in FH1. Fuel should be cooled
for quite a long time period in a pool, and the pool storage capacity in FH1 reactor building
is limited, so it would be necessary to either build also a wet storage or fill up the dry casks
only partly full. Neither of the options seems to be economically feasible. (Hautojarvi et al.
2016.)

FH1 spent fuel storage has two cooling redundancies, a cooling tower and a large water mass
in pools. Uncovering and exposure of the fuel is therefore highly unlikely. The cooling tower
that can be used as an ultimate heat sink also reduces the probability of boiling in case the
sea water is lost. Boiling is very slow, and with multiple water injecting possibilities in the

design the pool level can be maintained in an accurate level in boiling scenarios.

Operational experience shows, that many of the scenarios in which pool water level has
decreased significantly are leaking events. Such events have occurred due to failures in gates
or seals in pools. In the design of FH1 spent fuel storage there are not any penetrations below
level +9.6 meters, which is over 7 meters above the top of the fuel. The only pipes which are
located lower than that, are the cold water inlet pipes, which have an anti-siphon mechanism

to prevent leaks through those pipes.

If the pool water level however decreases below the top of the fuel elements, the conse-
quences depend on geometry and properties of the fuel. In the worst case scenario zirconium

cladding could be ignited. Zirconium fire occurs most likely with fuel that has been recently
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removed from a reactor, when decay heat is high. Freshly moved fuel is usually stored tem-
porarily (a few years) in at-reactor-pool, typically inside a containment. Environmental con-
sequences in case of a zirconium fire, would be in this case less serious, as the containment

prevents releases.

In case of FH1 away-from-reactor-pool, based on public sources referred in this thesis, the
risk of zirconium fire seems to be very low due to cooling time of several years before the
fuel is transferred to the interim spent fuel storage. However zirconium fire cannot be totally
excluded without further research. Temperature in a loss-of-coolant scenario depends on
energy produced by hydrogen generation and efficiency of convective air cooling between
the fuel elements. Possibility of fire should be studied in case of the elements are totally
exposed, and in case they are partially covered with water.

In accident conditions the energy produced by oxidation and hydrogen generation could
multiply the heating power of the fuel in the spent fuel pool, and the temperatures could
increase significantly. Further analyses would be needed to estimate the temperature rise in

severe accidents.

The air circulation plays an important role in zirconium ignition. Air flow and heat removal
depend on configuration of a fuel rack. Air circulation could be calculated using computa-
tional fluid dynamics model, which could give us information whether or not ignition tem-
perature is reached. If the fuel racks were covered for example due to debris from collapsing

building, air cooling could be disturbed, and temperatures might rise locally causing ignition.

In a case when upper parts of the fuel elements are partly exposed in air and lower parts are
below water surface, cooling of the fuel is based on steam production of the lower part of
fuel, as was earlier shown in Figure 6. In a case the water level is only slightly above the
bottom of fuel elements, the amount of steam flow is very low. In contact with air the oxi-
dation reaction rate is also bigger than in steam. The cooling can be adequate even in this
case, but there is also a possibility that it is not, and the temperature for zirconium ignition
is reached. In this case there also is no air circulation, if there are no horizontal flows between
the elements. Horizontal air flows can be enhanced by drilling holes between the elements.

Criticality shall however be considered in case the holes are drilled. (Alvares. 2003:17) The
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possibility of drilling holes to walls of fuel racks of FH1 should be investigated when de-
signing the racks in more detail. Flows when horizontal flows are allowed and when they

are not are presented in Figure 32.

Steam and air Steam

Figure 32. Cooling flows when there are holes between elements and when there is not, in case the
fuel is partly uncovered.

One way to reduce the risk of a zirconium fire is to use low-density racks. Using dense racks
with borated steel plates between the elements, enlarges pool capacity, but prevents air flow
between the elements. In lower-density-racks the cooling of uncovered fuel is more effec-

tive.

Use of lower-density-racks reduces the storage capacity significantly, and economic feasi-
bility should be studied carefully. According to designer calculations (Mayer. 2016) in case
of FH1, the storage capacity would be reduced over 50 % from 804 to 396 assemblies per
pool. From economic point of view some compensation to reduced storage capacity per pool
could be gained in using lower-density-racks as the need for use of very expensive borated

steel is reduced. (Hautojarvi et al. 2016.)

Risk of zirconium fire can be reduced also by mixing older and fresher fuel in spent fuel
pools (=dispersed loading pattern). This is a recommended procedure of operating spent fuel
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pools in USA. In dense racks dispersed loading pattern will however be less effective than
in low-density racks, as the horizontal flows between the fuel elements are usually prevented
by solid neutron absorber plates (e.g. borated steel). In case of FH1 using a dispersed loading

pattern should be considered.

According to previous incidents and operational experience human factors are in an im-
portant role when it comes to safety of spent fuel storages. Past experiences have shown that
guidance to operators and following the guidance are important in preventing incidents. In
many cases where pool water level decreased it was due to an open valve or other mistake
made by the operator. Human factors were also involved in Bruce-A accident, where fuel

was left in a tank, or chamber for a longer time than was intended.

Human factors are possibly in the future considered more in regulatory level. Draft of IAEA
safety regulations for safety of interim storages (IAEA 2017) suggest that human interfer-
ence in actions should be assessed whenever the safety of the storage depends on them, also
in case of an accident. According to new safety guide draft feedback of operational experi-

ence should be implemented also into manuals, guidelines and training.

In case of FH1 spent fuel storage criticality accident is highly unlikely to occur. The fuel
shall remain subcriticality even if the coolant is partially or totally lost. Maximum burnup of
the fuel of FH1 is very high 60 MWd/kgU. Fuel however contains still approximately 1 %
of U-235 (4 kg/bundle) and also approximately 3.6 kg Plutonium Pu-239 per bundle (Gren,
Zak & Vocka 2016.) The fuel includes also fission products, of which some are effective
neutron absorbers. This fuel could possibly obtain criticality in optimal configuration, but
criticality is highly improbable. However, subcriticality margin for irradiated fuel has not
been analyzed and, therefore, possibility of criticality cannot be categorically excluded. Wa-
ter density should be significantly lower than 1 kg/m® and a reflector would be needed even
in optimal configuration. (Lahtinen 2017.) Possibilities for deformation and thus configura-
tion change of fuel in a case of a load dropping accident on top of the fuel rack and elements

will be studied in later phase of the design process of FHL1.

The analyses which have been performed for FH1 spent fuel pools show that the fuel is likely
to remain covered with water during the initiating events discussed. Loss of cooling system

leads to pool boiling in 4 days and fuel uncovering in 25 days when conservative values are
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used. In the analyses the air temperature (30 °C) as well as sea water temperature (25 °C) are
conservatively high, and the pools contain their maximum capacity of spent fuel. This means
that the pool temperature in the beginning is 45 °C, and the boiling occurs sooner than with

colder and more likely values.

The vaporization from the boiling pool is ~0.3-0.4 kg/s. To remain the water level above the
fuel elements approximately 5000 kg water shall be added to one pool every 4th hour. This
amount of water can be added to the pool using demineralized water or fire water connec-
tions. A minimum capacity of a fire truck is 5 m3, which means that one fire truck every 4th

hour is enough to ensure fuel integrity (Kulmala, Silvennoinen, Seppéld & Sarma 2010).

The heat load in one pool is in analyses higher than the average decay heat of pools. In case
the cooling was lost, the pool gates could be opened and the pools with highest decay heat
could be cooled with water from other pools with lower decay heat. Also the gates to the
evacuation pool and unloading pool, which normally do not contain fuel, could be opened.

This would slow down temperature rise in the pools with highest decay heat.

According to the Apros analyses restoring the cooling system can be difficult if boiling is
taking place in the fuel pools. Water temperatures in the cooling system shall be kept under
boiling temperatures to prevent pressure transients in the heat exchangers. As an outcome of
the Apros analyses, a connection to inject cold water to the equalization tank has been added
to cooling system design. The restoring of the cooling system after boiling should be studied
further and instructions for such case should be compiled.

The ventilation in the Apros model is simplified. The temperature rise in the pool building
can however be approximated based on Apros model. The conditions in the pool room are
likely to be the most dependent on the pool water temperatures. Temperatures in modelled
pool room during the analysis cases are described in Appendix 3. In the model the building
consists of only one room, which means that the conditions in the other rooms of pool and
process buildings cannot be studied with this model. In case the working conditions in the
process building during pool boiling wanted to be studied, this could be done with more
specific Apros model. The pressurizing of the building cannot be very accurately predicted
with the model, but the building contains a steam release pipe, that will withstand even an

earthquake and therefore the pressurizing is impossible. Pressurizing of the building can
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however be tested when the storage is built. This would give information about conditions

in buildings during accident scenarios.
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7 SUMMARY

This master's thesis was done for Fortum Power and Heat Itd as a part of design project of
interim spent fuel storage of Hanhikivi 1 nuclear power plant (FH1) that is planned to be
constructed in Finland. In this thesis overall safety and accident scenarios in spent nuclear

fuel storage concepts were considered both in generally and in the point of view of FH1.

There are two main types on interim spent fuel storages: a dry and a wet storage. Both types
have their advantages and weaknesses. In Finland there are currently only wet storages, and
therefore current licensing procedures and requirements are strongly oriented towards a wet

storage.

In case of FH1 spent fuel storage, the most suitable option is a wet storage, mainly because
of the high burnup and enrichment of the fuel. Taking into account the available cooling
time in FH1 power plant, current cask designs are not able to efficiently cope with the decay
heat of fuel of FH1. An additional wet storage capacity besides the in-containment fuel pool
would be required to enable sufficient cooling time in pool before transferring the fuel into

current cask designs.

Initiating events and hazards that could have an effect on safety of spent fuel storages, espe-
cially a wet storage, were identified. The most vital threats in wet storages are those that can
lead to loss of coolant in spent fuel storage pools. Loss of cooling system due to a loss of
power, fire in storage or other hazards studied in this thesis, will not lead to exposure of the
fuel immediately. During several days or weeks they can result a loss of coolant due to boil-

ing, if the cooling system is not restored.

Operational experience shows that many of the scenarios in which pool water level has de-
creased significantly are leaking events. These events have occurred due to failures in gates
or seals in pools. In the design of FH1 spent fuel storage there are not any penetrations below
level + 9.6 meters, which is over 7 meters above the top of the fuel. The only connections
which are located lower than that, are the cold water inlet pipes, which are placed inside the
pool and have an anti-siphon mechanism to prevent leaks through those pipes. The pools are
designed to withstand an earthquake and an airplane crash, so major leaks due to failure of

the pool structures are practically impossible.
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In case the water however is lost, fuel elements are possibly damaged without sufficient
cooling. Severe accident in spent fuel storage can lead to radioactive releases to environment,
especially when the fuel pool is not located inside a containment. As the temperature of the
fuel elements rise, the internal pressure of the elements may cause rupture of the cladding
and lead to releases. Oxidation reaction of the zirconium cladding also accelerates as the
temperature rises, causing damage to the elements, but also generation of hydrogen in the
pools. Increase of hydrogen concertation in the room may cause explosion. Oxidation reac-

tion is exothermal and generated heat increases temperature in the pool.

In case the fuel is recently removed from reactor and the burnup is high, the temperature of
the dry uncovered fuel in a pool in an accident situation can reach the ignition temperature
of zirconium cladding. Zirconium fire can lead to significant fuel damages and release of
radioactive particles and gases to environment. Reaching the ignition temperature is not
likely when the decay heat of the fuel is low. Besides the fuel properties and oxidation rate
the temperature depends on storage configuration. Using dense storage racks increases the
risk. In principle, it is possible to enable horizontal flows between individual fuel elements
even in dense racks, and this should be explored in more detail as cross-bundle flows seem
to promise significant improvement of fuel coolability in cases where pool water level is

within the fuel bundles.

Analyses performed for FH1 spent fuel storage using Apros simulation tool show that the
fuel integrity can be maintained during accident conditions. Conservative assumptions were
used for initial and boundary conditions. In case the cooling is lost, boiling will occur after
4 days. Analyses show that in the first 72 hours no actions, except for loading the batteries
of emergency lighting and measurements, are needed to maintain the fuel integrity and after
that time the cooling system can be normally restored. Restoring the cooling system after
the boiling state is reached requires additional water injection to pool and/or the equalization
tank.

Apros analyses show that even with conservatively high decay heat in the pool, the water
level could be maintained above the fuel elements with 0.3-0.4 kg/s water injection to the
pool. This can be done for example by adding circa 5 m® water every 4th hour through fire-
water or demineralized water connections. In case no actions are done, the top of the fuel

racks is uncovered in approximately 25 days.



90

REFERENCES

Adorni, M.; Esmaili, H.; Grant, W.; Hollands, T. ; Hozer, Z.; Jaeckel, B; Munoz, M.;
Nakajima, T.; Rocchi, F.; Strucic, M.; Tregoures, N.; Vokac, P.; Ahn, K.I.; Bourgue, L. ;
Dickson, R.; Douxchamps, P.A.; Herranz, L.E.; Jernkvist, L.O.; Amri, A. & Kissane, M.P.
2015. Status Report on Spent Fuel Pools under Loss-of-Cooling and Loss-of-Coolant Acci-
dent Conditions Final Report. Report NEA-CSNI-R--2015-2, Nuclear Energy Agency,
Committee on the Safety of Nuclear Installations.

Ahn Kwang-Il, Shin Jae-Uk & Kim Won-Tae. 2015. Severe accident analysis of plant-spe-
cific spent fuel pool to support a SFP risk and accident management. Annals of Nuclear
Energy 89 (2016) 70-83.

Alvarez Robert, Beyea Jan, Janberg Klaus, Kang Jungmin, Lyman Ed, Macfarlane Allison,
Thompson Gordon & von Hippel Frank N. 2003. Reducing the Hazards from Stored Spent
Power-Reactor Fuel in the United States. Science and Global Security 11 (2003) 1-51.

Apros User Manual. 2005. Thermal hydraulic solution. Updated: 18.11.2005.

Fortum & VTT. 2016. Apros in brief [webpage]. [16.12.2016.] Available:
http://www.apros.fi/en/

Barin, Ihsan. 1995. Thermodynamic Data of Pure Substances. VCH Verlagsgsellshaft mbG,
Weinheim, and VCH Publishers, NewYork, USA.

Barto, A., Chang Y. J., Compton, K., Esmaili H., Helton D., Murphy A., Nosek A., Pires J.,
Schofer F. & Wagner B. 2014. Consequence Study of a Beyond-Design-Basis Earthquake
Affecting the Spent Fuel Pool for a U.S. Mark | Boiling Water Reactor. Report NUREG-
2161. U.S. Nuclear Regulatory Commission. Washington DC, USA.

Benjamin A., McCloskey D., Powers D. & Dupree S. 1979. Spent Fuel Heatup Following
Loss of Water During Storage. Report NUREG/CR-0649, U.S. Nuclear Regulatory Com-
mission, Washington, DC, USA.

Boyd. C.F. 2000. Predictions of Spent Fuel Heatup After a Complete Loss of Spent Fuel
Pool Coolant. Report NUREG-1726. U.S. Nuclear Regulatory Commission. Washington
DC, USA.

Carlos S., Sanchez-Saez F. & Martorell S. 2014. Use of TRACE best estimate code to ana-
lyze spent fuel storage pools safety. Progress in Nuclear Energy 77 (2014) 224-238.

Causey Rion A., Cowgill Donald F. & Nilson Robert H. 2005. Review of the Oxidation Rate
of Zirconium Alloys. Report SAND2005-6006. Sandia National Laboratories. Albuguerque,
New Mexico and Livermore, California, USA.

Durbin S.G., Lindgren E.R. & Goldmann A.S. 2016. Spent Fuel Pool Project Phase I. Pre-
Ignition and Ignition Testing of a Single Commercial 17x17 Pressurized Water Reactor
Spent Fuel Assembly under Complete Loss of Coolant Accident Conditions. Report NU-
REG/CR-7215, Office of Nuclear Regulatory Research. Albuquerque, USA.



91

Elias E., Hasa D. & Nekhamkin Y. 2015. Zirconium ignition in exposed fuel channel. Nu-
clear Engineering and Design 286 (2015) 205-210.

Funke T. & Henig C. 2008. CASTOR® 1000/19: Development and Design of a New
Transport and Storage Cask. In: I'YNC 2008, 20 — 26 September 2008, Interlaken, Switzer-
land.

Gantchev, T. 1996. Decreasing of the Water Level in the Spent Fuelpool, Kozloduy NPP-
Unit 1. IAEA/ NEA Incident Reporting System 1996 Joint IAEA/NEA Meeting to Exchange
Information on Recent Events in Nuclear Power Plants.

Gren M., Zak M. & Vocka R. 2016. Hanhikivi spent fuel residual heat analysis. Technical
report UJV-ORF-2016-016 rev 1.1. Husinec, Czech Republic.

Hanson Brady, Alsaed Halim, Stockman Christine, Enos David, Meyer Ryan & Sorenson
Ken. 2012. Used Fuel Disposition Campaign - Gap Analysis to Support Extended Storage
of Used Nuclear Fuel. Report FCRD-USED-2011-000136 Rev. 0 PNNL-20509. U.S. De-
partment of Energy.

Hautojarvi Jukka, Kaisanlahti Matti, Mayer Elias, Smolander Juha, Sorjonen Jukka, Ter&s-
virta Antti & Tynys Hanna. 2016. Early Decision Enabler Report. Report FNPPHANHI-
00254. Fortum Power and Heat Oy.

Holtec International. 2016. HI-STORM FW [webpage] [28.12.2016] Available:
http://www.holtecinternational.com/productsandservices/wasteandfuelmanagement/hi-
storm/hi-storm-fw/

Hozer Z, Szabo P, Somfai B. & Cherubini M. 2014. Leaking Fuel Impacts and Practices.
NEA/CSNI/R(2014)10. Nuclear Energy Agency of the OECD (NEA)

IAEA. 2017. Storage of Spent Nuclear Fuel Draft Specific Safety Guide. IAEA draft DS489
10.02.2017. Unpublished.

IAEA. 2016. Considerations on the Application of the IAEA Safety Requirements for the
Design of Nuclear Power Plants. IAEA-TECDOC-1791. ISBN 978-92-0-104116-6. Vi-
enna, Austria.

IAEA. 2015. Spent Fuel Performance Assessment and Research. Final Report of a Coordi-
nated Research Project on Spent Fuel Performance Assessment and Research (SPAR-III)
2009-2014. IAEA-TECDOC-1771. ISBN 978-92-0-108215-2 Vienna, Austria.

IAEA. 2012a. Regulations for the Safe Transport of Radioactive Material. IAEA Safety
Standards Series No. SSR-6. ISBN 978-92-0-133310-0 Vienna, Austria.

IAEA. 2012b. Storage of Spent Nuclear Fuel Specific safety guide. IAEA Safety Require-
ments No. SSG-15. ISBN 978-92 —-0-115110-0. Vienna, Austria.

IAEA. 2003. External Events Excluding Earthquakes in the Design of Nuclear Power Plants.
Safety Guide No. NS-G-1.5. Published 17 December, 2003.



92

IAEA. 1999. Survey of wet and dry spent fuel storage. International Atomic Energy Agency.
Report. IAEATECDOC-1100. Vienna, Austria.

Ibarra J.G., Jones W R., Lanik G. E, Ornstein H. L. & Pullani S. V. 1997. Operating Expe-
rience Feedback Report: Assessment of Spent Fuel Cooling. Report NUREG- 1275 vol. 12.
US. Nuclear Regulatory Commission. Washington DC, USA.

INPO. 2011. Special Report on the Nuclear Accident at the Fukushima Daiichi Nuclear
Power Station. Report. INPO 11-005. Institute of Nuclear Power Operators. Atlanta, GA,
USA.

Institute of Seismology. 2006. Onko Suomessa maanjaristyksia? University of Helsinki
[webpage] [17.1.2017.] Available: http://www.helsinki.fi/geo/seismo/maan-
jaristykset/tieto/suomenseismisyys.html

Jylha Kirsti, K&mérdinen Matti, Pellikka Hilkka, Johansson Milla, Saku Seppo, Jokinen
Pauli, Kahma Kimmo, Venélédinen Ari & Gregow Hilppa. 2015. Extreme weather and nu-
clear power plants (EXWE). In: SAFIR 2014 Final Seminar 20.3.2015. Finnish Meteorolog-
ical Institute. http://safir2014.vtt.fi/finalseminar/Day_2/TR5 8 4 EXWE_SAFIR2014.pdf

Jackel, Bernd S. 2013. Spent fuel pool boil down calculations with MELCOR 1.8.6, 2013.
In: Fifth European MELCOR User Group Meeting, May 2-3, 2013, Stockholm, Sweden.
Available: https://www.psi.ch/emug/Emug2013EN/EMUG2013_jaeckel.pdf

Jackel Bernd S. 2014. Status of the spent fuel in the reactor buildings of Fukushima Daiichi
1-4. Nuclear Engineering and Design 283 (2015) 2—7.

Kaliatka A. Vileiniskis V. & Uspuras E. 2011. Analysis Of Processes in Spent Fuel Pools in
Case of Loss of Heat Removal Due to Water Leakage. HEFAT2011. 8th International Con-
ference on Heat Transfer, Fluid Mechanics and Thermodynamics. 11 — 13 July 2011. Pointe
Aux Piments, Mauritius.

Kulmala Esko, Silvennoinen Antti, Seppélé Heikki & Sarma Mikko. 2010. Pelastusajoneu-
vojen yleisopas. Palopéaallystoliitto.  Available:  http://www.pelastustoimi.fi/down-
load/41810_pelastusajoneuvojen-yleisopas.pdf

Lahtinen, Tuukka. 2017. Diplomityon kriittisyysosiosta. (E-mail conversation). 26.4.2017.

Makarchuk Tatiana & Afonyutin Mikhail. 2015. Development Program of Cask Technolo-
gies for Management of Spent Fuel Assemblies from Russian NPPs as Means of Harmoni-
zation of Decisions for SNF Long-Term Storage. In: Atomexpo-2015, June 1-3,2015.

Mayer, Elias. 2016. FVKPA: hilavali tavanomaisissa telineissd (E-mail conversation).
22.8.2016.

Nourbakhsh, H.P., Miao G. & Cheng Z. 2001. Analysis of Spent Fuel Heatup Following
Loss of Water in a Spent Fuel Pool. Report, NUREG/CR-6441 BNL-NUREG-52494. U.S.
Nuclear Regulatory Commission. Washington DC, USA.



93

OECD-IAEA. 2010. Paks Fuel Project: Final Report. Report. IAEA-TDL-002. International
Atomic Energy Agency. Vienna, Austria.

OECD/NEA. 2016. Safety of Long Term Interim Storage Facilities. CSNI Technical Opin-
ion Papers. Draft. Unpublished.

OECD/NEA. 2009. Nuclear Fuel Behaviour in Loss-of-coolant Accident (LOCA) Condi-
tions. State-of-the-art Report No. 6846. ISBN 978-92-64-99091-3.

O'Rourke, Morgan. 2013. The Power of the Jellyfish. Risk Management. 60 (9) 48.

Park C.O. 2011. Mitigation of Hydrogen Hazards in Severe Accidents in Nuclear Power
Plants. Report IAEA-TECDOC-1661, International Atomic Energy Agency. Vienna, Aus-
tria.

Patterson Charles & Garzarolli Friedrich. 2015. Dry Storage Handbook Fuel Performance in
Dry Storage. Advanced Nuclear Technology International. MéInlycke, Sweden.

Rein, Suvi. 2016. Functional Safety Design for Pools of UFC. Report FNPPHANHI-00371.
Version 1.0. Fortum Power and Heat Oy.

Sailor V. L., Perkins K. R., Weeks J. R & Connell H. R.. 1987. Severe Accidents in Spent
Fuel Pools in Support of Generic Safety. Report U.S. Nuclear Regulatory Commission.

Siegmann, E. 2000. Initial Cladding Condition. Report, ANL-EBS-MD-000048 REV 00
ICN 01. US Department of Energy. United States

Sorjonen J. 2016. Spent Fuel Inventory and Decay Heat Calculation for UFC. Report
FNPPHANHI-00127. Fortum. Espoo, Finland.

Steinbriick M., Vér N. & GroRe M. 2011. Oxidation of Advanced Zirconium Cladding Al-
loys in Steam at Temperatures in the Range of 600-1200 °C. Oxidation of Metals, 76(3), pp.
215-232.

Steinbrick M. & Bottcher M. 2011. Air oxidation of Zircaloy-4, M5 and Zirlo cladding al-
loys at high temperatures. Journal of Nuclear Materials, 414 (2011), pp. 276-285.

Terasvirta Antti. 2017a. Hanhikivi-1 Interim Spent Fuel Storage: PSAR 4.6.1 Fuel pool cool-
ing system FAK. FNPPHANHI-00550. Final Draft of version 1.0, 31.3.2017. Fortum Power
and Heat Oy.

Terésvirta Antti. 2017b. Hanhikivi-1 Interim Spent Fuel Storage: PSAR 4.6.3 Sea water sys-
tem PE. FNPPHANHI-00552. Final Draft of 1.0, 31.3.2017. Fortum Power and Heat Oy.

Trégoures N., Mutelle H., Duriez C. & Tillard S. 2015. The DENOPI project: a research
program on SFP under loss-of-cooling and loss-of-coolant accident conditions. Institut de
Radioprotection et de Sreté Nucléaire IRNS. In: IAEA IE8M meeting — February 2015.

Tynys, Hanna. 2017a. Analyses specification for Preliminary Thermal Hydraulic Analyses
of UFC. Report, FNPPHANHI-00493. Version 1. Fortum Power and Heat Oy.



94

Tynys, Hanna. 2017b. Preliminary Thermal Hydraulic Safety Analyses of UFC. Report,
FNPPHANHI-00494. Version 1. Fortum Power and Heat Oy.

U.S. NRC. 1984. Potential for Loss of Water from the Refueling Cavity, Information Notice
No. 84-93.

U.S NRC. 1996. Chemical, Galvanic, or Other Reactions in Spent Fuel Storage and Trans-
portation Casks. NRC Bulletin 96-04 (1996)

Ylijoki, J., Norrman, S., Silde, A. & Urhonen, P., Validation of APROS Version 5.14.11.
VTT Research Report VTT-R-00553-15. October 2015.

YVL B.1. 2013. Safety design of a nuclear power plant. Sateilyturvakeskus. ISBN 978-952-
309-047-7. Available: http://www.finlex.fi/data/normit/41774/YVL_B.1le.pdf.

YVL B.3. 2013. Deterministic safety analyses for a nuclear power plant. ISBN 978-952-
309-047-7. Available: http://www.finlex.fi/data/normit/41745/YVL_B.3e.pdf

YVL B.7. 2013. Provisions for internal and external hazards at a nuclear facility. ISBN 978-
952-309-089-7. Available: http://www.finlex.fi/data/normit/41791/YVL_B.7e.pdf

YVL B.7. Justification memorandum. 2013. Perustelumuistio: Ohje YVL B.7, Varautumi-
nen siséisiin ja ulkoisiin uhkiin ydinlaitoksessa (15.11.2013). Available (In Finnish):
https://www.stuklex.fi/fi/YVLB.7-perust.pdf

YVL D.3. 2013. Handling and storage of nuclear fuel. Séteilyturvakeskus. ISBN 978-952-
309-122-1. Available: http://www.finlex.fi/data/normit/41841/YVL_D.3e.pdf

Wu Xiaoli, Li Weli, Zhang Yapei, Tian Wenxi, Su Guanghui & Qiu Suizheng. 2014. Analysis
of the loss of pool cooling accident in a PWR spent fuel pool with MAAPS. Annals of Nu-
clear Energy 72 (2014) 198-213.



APPENDICES

APPENDIX 1: Analysis requirements

Appendix 1

Table 1. YVL B.1 requirements used in thermal hydraulic analyses and their elaboration for calcu-
lated cases. (YVL B.1 2013)

Requirement

Requirement text

Elaboration

B.1 453

In the event that the reactor is not directly brought to a
safe state as a result of an anticipated operational oc-
currence, a postulated accident or a design extension
condition, it shall be possible to maintain the reactor in
a controlled state long enough to ensure that the sys-
tems required for achieving a safe state are operable.
Provisions shall be made to enable the repair and ser-
vice of the systems needed for cooling the reactor from
a controlled state to a safe state.

If reaching the safe state can't be
proved, the analyses shall prove
that the storage can be kept in
controlled stage for long
enough.

B.1 456

The following systems performing functions relevant
to safety shall satisfy the (N+1) failure criterion:

-Systems designed to ensure the cooling of spent fuel

Only N+1 failures are taken into
account. N+2 failure criterion is
not required, so these failures are
not analysed either.

B.1 448, 451,
452

448. In the event of anticipated operational occur-
rences or postulated accidents, it shall be possible to
accomplish decay heat removal from the reactor and
containment by one or several systems that jointly
meet the (N+2) failure criterion and the 72-hour self-
sufficiency criterion in such a way that the limits set
forth for fuel integrity, radiological consequences and
overpressure protection in the respective design basis
category DBC2, DBC3 or DBC4 are not exceeded. If
the decay heat removal systems or their auxiliary sys-
tems have passive components that have a very low
probability of failure in connection with the antici-
pated operational occurrence or postulated accident,
the (N+1) failure criterion may be applied to those
components instead of the (N+2) failure criterion.

451. For a loss of the on-site power distribution sys-
tem, provisions shall be made for decay heat removal
to outside the containment and control of reactivity by
ensuring that the systems required for this purpose op-
erate without any external power source or operate on
an independent power source; and that

a sufficient inventory of water and fuel and capability
to recharge the DC batteries exist at the plant site to
maintain these arrangements for a period of 72 hours.

The single failure criterion does not need to be applied
to the systems necessary for such arrangements, and

72-hour-self-sufficiency crite-
rion is used for UFC. Analyses
shall prove that the fuel integrity
can be secured 72 hours without
any operational actions or sys-
tems, that are not safety classi-
fied.
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Requirement | Requirement text

Elaboration

the related containment isolation valves including ac-
tuators and cabling and the pipelines between the reac-
tor and steam generators may be shared with a system
intended for a different use. Direct current (DC) sys-
tems are deemed to be serviceable when properly elec-
trically isolated.

Such a situation is governed by the design basis cate-
gory DEC's fuel failure criteria and dose limits. No as-
sumption needs to be made in the course of design for
this type of situation arising concurrently with an in-
dependent initiating event, rare external event (DEC)
or other multiple failure event (DEC B).

452. The nuclear power plant shall have in place ar-
rangements that can guarantee sufficient cooling for
the fuel placed in fuel storage facilities during rare ex-
ternal events in accordance with requirement 450.
These arrangements shall make it possible to supervise
the water level in the spent fuel pools for a minimum
of eight hours without recharging the DC batteries.
Furthermore, it shall be possible to keep the fuel relia-
bly submerged during the loss of the plant's internal
electricity distribution system in accordance with re-
quirement 451. A sufficient inventory of water and
fuel and capability to recharge the DC batteries shall
exist at the plant site to maintain these arrangements
for a period of 72 hours.

Table 2. YVL B.3 requirements used in thermal hydraulic analyses and their elaboration for calcu-

lated cases. (YVL B.3 2013.)

Requirement Requirement text

Elaboration

B.3 402. Anticipated operational occurrences and accidents
shall be analysed starting from the initiating event and
ending in a safe state.

Analyses shall be started from
normal operation condition, and
analysed until can be shown that
safe state will be reached. If
reaching the safe state can't be
proved, the analyses shall prove
that the storage can be kept in
controlled stage for long enough
(YVL B.1 §453)

B.3 408, 409. 408. The accepted methods to be used in the plant be-
haviour analyses are either the conservative analysis
method supplemented with sensitivity studies or the
best estimate method supplemented with uncertainty
analysis.

Conservative method shall be
used for thermal hydraulic safety
analyses.
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409. Sensitivity studies supplementing conservative
analyses shall define how sensitive the results are for
the models used, the initial conditions and the main
paraeters.

Sensitivity studies are not pro-
duced at this point of design pro-
cess. No parameters that could
have such significant effect on
analyses results, that the ac-
ceptance criteria could not be
covered have been identified.

B.3 411. The initial conditions of the conservative analyses and | Initial conditions and conserva-
the conservativeness of the paraeters chosen shall be | tiveness of the chosen parame-
justified. If the choice that is the least beneficial in | ters shall be discussed.
terms of the acceptability of the end result is not un-
ambiguous, analysis results covering the paraeter’s en-
tire range of variation shall be presented.

B.3 413. The selected consideration time preceding operator ac- | Suitable time delays are used in

tions and the time to accomplish the actions shall be
sufficiently long. The durations chosen shall be justi-
fied. Operators can be assumed to act on each analysed
event in accordance with the procedures available in
written or electronic form.

analyses.

Analyses shall prove that con-
trolled state can be maintained
72 hours without any actions.

Assumptions for

anticipated operational occurrence analysis

B.3 414.

Anticipated operational occurrences shall be analysed
in two ways as follows:

1. All plant systems operate according to design, with
the exception of the failure or operator error analysed
as the initiating event and the consequences of the ini-
tiating event.

2a Actuation of non-safety classified systems shall not
be postulated as systems mitigating the consequences
of the initiating event. Operation of non-safety classi-
fied systems shall be postulated if a system’s designed
operation could aggravate the consequences of the in-
itiating event.

2b The most penalising failure in accordance with the
failure criteria given in chapter 4.3 of Guide YVL B.1
shall be postulated in safety class 2 or safety class 3
systems designed for anticipated operational occur-
rences or postulated accidents.

3c Performance values for functioning components
shall be chosen conforming to the acceptance limits in
periodic tests.

Anticipated operational occur-
rences are analysed with way 1.
Way 2 is in DBC 2 events (case
2:TOWER) covered with cases
belonging to higher design basis
categories, as was described in
Table 8.

Assumptions for

postulated accident analysis

B.3 415.

Safety-classified systems shall be assumed to operate
at their minimum system performance during postu-
lated accidents.

Due to early design phase, some
main parameters are not defined.
Thus all systems are assumed to
be operating at their minimum
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performance in all

cases.

analysis

B.3 416.

Actuation of non-safety classified systems shall not be
postulated as systems mitigating the consequences of
the accident. Actuation of non-safety classified sys-
tems shall be postulated if a system’s designed opera-
tion could aggravate the consequences of the initiating
event.

Analyses shall prove that the fuel
integrity can be secured 72 hours
without any operational actions
or non-safety classified systems.

There has not been identified any
spurious actuations that could
have an effect on safety.

B.3 417.

In analyses of category 2 postulated accidents, only
safety class 2 systems may be assumed to be systems
mitigating the accident from the initiating event to the
controlled state. Operation of systems in lower safety
classes shall be postulated if a system’s designed op-
eration could aggravate the consequences of the initi-
ating event.

Analyses shall prove that the fuel
integrity can be secured 72 hours
without any operational actions
or non-safety classified systems.
Functions in safety class 3 are
assumed to be functioning nor-
mally, except for assumed fail-
ures.

B.3 418.

Loss of the external grid shall be combined with pos-
tulated accidents if it could aggravate the conse-
quences of the initiating event.

DBC 4 events combined with
loss of external grid, are covered
with analysis cases in other event
categories, as was described in
Table 8.

Assumptions for

design extension condition analyses

B.3 4109.

For DEC A accidents, the most penalising single fail-
ure shall be assumed in one of the systems whose op-
eration is required to accomplish a safety function in
the event in question. For DEC B and C accidents, a
single failure need not be assumed. The consequences
of an initiating event shall be assumed in the analyses.

DEC A events combined with
single failures are covered with
analysis cases belonging to other
design basis categories, as was
described in Table 8.

B.3 420.

Loss of the external grid need not be combined with
other initiating events in design extension condition
analyses unless it is the likely consequence of an initi-
ating event.

Loss of external grid is com-
bined in analysis cases where it
is likely consequence.

B.3 421.

In design extension condition analyses, best estimate
methods can be applied concerning assumptions of the
plant's initial state and the performance of operating
subsystems.

In preliminary analyses, all cases
are calculated with conservative
assumptions.
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Safety functions of each task category used or planned to be used in each analysis case. Some func-
tions are not used in events that are calculated using Apros. (Rein 2016; Tynys 2017b. Modified.)

Case 3: Case 5:
SFID Description :;:T)l' %s\:l:rz ;A|L7z ::ffsz' \F/:IiET-ER
NPCurc
BA2_41P Siphon prevention X X X
BA2_42M Pool auxiliary water X X X X
BC2 41 Liner leakage control X X X
BC2_42M Pool separation in initiating events X X X
CB2 41 Building isolation X X
CB2_42 Fire dampers X X X
XA2_41M Battery re-charging X
XC2_41 Pool level monitoring X X
XC2_42 Pool temperature monitoring X X
PREVurc
BA3A_31M | Pool water from fire water connection
BB3A_31M | Pool cooling X X X X X
BB3A_32P | Boiling X X X
BB3A_33P Pool water content, heat accumulation X X X X
CA3A 31M | Vapour discharge X X X
XA3A 31 Internal power supply X X X X
XA3A 32 Battery power supply X
XB3A_31 Process room cooling X X X X
XB3A_32 Sea water pump room cooling X X X X
XB3A_33 I1&C room cooling X X X X
XB3A_34 Switchgear room cooling X X X X
XB3A_35 Control room ventilation X X X X
XC3A_31 Pool level monitoring X X X X X
XC3A 32 Pool temperature monitoring X X X X X
XC3A_33 Radiation monitoring X X X X X
MAMBUurc
BA3a 31M Pool water from fire water connection X X X X
BB3a_31M Pool cooling X X X
XA3a_31 Internal power supply X X X
XA3a_32 Battery power supply X X
XB3a_31 Process room cooling X X X X
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XB3a_32 Sea water pump room cooling X X X

XB3a_33 I1&C room cooling X X X X

XB3a_34 Switchgear room cooling X X X X

XB3a_35 Control room ventilation X X X X

XC3a_31 Pool level monitoring X X X X X
XC3a_32 Pool temperature monitoring X X X X X
XC3a_33 Radiation monitoring X X X X
MAMurc

BA3b_41M Pool auxiliary water X X X X
BB3b_41M Cooling tower X X X
XA3b_41M | Battery re-charging X

XC3b_41 Pool level monitoring X X X X
XC3b_42 Pool temperature monitoring X X X X

The functions are divided into four task categories, that divide the functions to DiD-levels.
These categories are NPCurc (Fuel Pool Normal Process Control), PREVurc (Fuel Pool Pre-
vention), MAMBUurc (Fuel Pool Manual Accident Management Back-Up) and MAMurc
(Fuel Pool Manual Accident Management). The first two (NPCurc and PREVurc) are short
term accident management categories and the other two (MAMBUurc and MAMurc) are

long term accident management categories.
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CASE 1: RED1
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Figure 1. Temperatures in pool 1. Temperature profile in pool 2 is similar. Node 11 is the upper-
most, and 1 the lowest in the right side of the pool. The cold water inlet to pool is connected to

node Nol, which is also significantly smaller than the other nodes.



Appendix 3

Power
3 T T T T T FBT
—— FAT
25 r | 1 [ —— Fuel
2 .\\_
'| s
s '| [
s 16 F || II -
| |
z T | |
o | I|
085 - l W'I .
i
0k i} | ]
_DE 1 1 1 1 1
0 05 1 1.5 2 25 3
Time [h]

Figure 2. Decay heat of fuel elements in pools and power removed in heat exchangers. FAT is the

heat exchanger between pool circuit and intermediate circuit, and FTB between intermediate circuit
and sea water circuit.
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Figure 3. Mass flows in different circuits
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Figure 4. Liquid levels in pool 1 (similar in pool 2) and equalization tank of pool circuit.
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Figure 5. Temperatures in pool 1 during analysis case 2.
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Figure 6. Temperatures in the cooling tower inlet and outlet connections.
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Figure 7. Heating power of fuel elements and removed heat in tower and heat exchangers during
the whole analysis time. FAT is the heat exchanger between pool circuit and intermediate circuit,
and FTB between intermediate circuit and sea water circuit.
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Figure 8 Heating power of fuel elements and removed heat in tower and heat exchangers during
the beginning of analysis. FAT is the heat exchanger between pool circuit and intermediate circuit,
and FTB between intermediate circuit and sea water circuit.
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Figure 9. Mass flows in circuits during the first hours of simulation.
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Figure 10. Pool 1 liquid level in analysis case 2. Level in pool 2 is similar.
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Figure 11. Temperature in pool room node nl above pool 1 during analysis case 2.
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Figure 12. Temperatures in pool 1, pool 2 temperatures are similar.
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Figure 13. Pool liquid level
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Figure 14. Temperature in pool room.
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Figure 15. Heating power of fuel elements in one pool and removed power in heat exchangers.
FAT is the heat exchanger between pool circuit and intermediate circuit, and FTB between inter-
mediate circuit and sea water circuit.
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Mass flows in circuits
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Figure 16. Mass flows in cooling circuits.
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Figure 17. Temperatures in pool 1, pool 2 temperatures are similar.
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Figure 18. Liquid level in pool 1.
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Figure 19. Heating power of fuel elements in one pool and removed power in heat exchangers.
FAT is the heat exchanger between pool circuit and intermediate circuit, and FTB between inter-

mediate circuit and sea water circuit.
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Figure 20. Water injection to pools 1 and 2 and to the equalization tank. Mass flows to pools are

equal.
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Figure 21. Water injection to pools and to the equalization tank during the restoring of cooling sys-
tem.
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Figure 22. Temperature in pool room node nl above pool 1. Temperature decreases quickly when
the ventilation in the pool room is started.
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Figure 23. Mass flows in cooling circuits.

CASE 5: FIREWATER
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Figure 24. Temperatures of different nodes in pool 1. Pool 2 temperatures are similar.
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Figure 25. Liquid level in pool 1. Pool 2 water level is similar.
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Figure 26. Mass flow of fire water injected to pools. Equal amount is injected to pools 1 and 2.



