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Following the European roadmap to the realization of fusion energy, a demonstration fusion
power plant (DEMO) is currently in preconceptual design phase until 2020. In this context an
external stakeholder group formulated a nuclear licensed manufacturing and construction (M/C)
as the top level requirement for a DEMO, translating essentially to the confinement of radioactive and
hazardous materials as the most fundamental safety function in normal, abnormal and accidental
situations. In a first step energy sources and radioactive source have been assessed for a conceptual
DEMO configuration. Based on the European Plant Description Document (PDD) the main systems
have been classified as active or passive systems with respect to their confinement functionality. By
means of a bottom-up approach at system level, the major DEMO systems are analyzed regarding
a potential confinement function. On the basis of those DEMO systems identified as having a
confinement function a confinement strategy for EU DEMO has been proposed with respect to
confinement barriers and confinement systems. In addition, confinement for the maintenance
has been issued as well. The assignment of confinement barriers to the identified sources under
abnormal and accidental conditions has been performed, and the DEMO main safety systems have
been proposed as well. Confinement related open issues such as discharge of the huge magnet
energy in an accidental case, confinement concerning plant states, investigation on further passive
and active methods for the confinement, confinement during the procedure of removing and
replacing in-vessel components, etc., need to be resolved in parallel with DEMO development.
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Abstract. Confinement of radioactive and hazardous mateigabne of the fundamental safety functions in a
nuclear fusion facility, which has to limit the milidation and dispersion of sources and hazardmgurormal,
abnormal and accidental situations. The confinerferdtion is identified for the main systems of theropean
DEMO taking a bottom-up approach at system levelsd8l on identification of the systems possessing a
confinement functiona confinement strategy has been proposed, in WhENO confinement systems and
barriers have been defined.

1. Introduction

Following the European roadmap to the realisatibriusion energy, an intense research
activity has been started for a DEMOnstration fagpower plant being in the pre-conceptual
design phase until 2020. In this context, an exlestakeholder group formulated a nuclear
licensed manufacturing and construction (M/C) naissistatement as the top level
requirement for a DEMO, translating essentially the confinement of radioactive and
hazardous materials as the most fundamental shfattion during normal, abnormal and
accident situations. Hence, the objectives of DEdb@finement are:

e to protect every inventory of radioactive, toxic bmzardous material: to prevent
mobilisation into rooms where personnel could bposed; and to prevent release to the
environment that could lead to public exposure;

« to meet DEMO general safety objectives [1] in cdamie with the environment in
operational or accident situations;

* to reduce potential consequences to the externtmahly/ practicable.

Confinement of radioactive and hazardous mateialbe first of four fundamental safety
functions defined in DEMO Plant Safety Requiremdditg€ument (PSRD) [1]. Its supporting
safety functions aimed at the protection of confieat during abnormal conditions are
identified as control of plasma energy (e.g. faasma shutdown), thermal energy (e.g. decay
heat removal), confinement pressure, chemical gnenggnetic energy, and coolant energy.
Any component or system that provides a safety tfancmust be categorised as Safety
Important. Safety Importance Class (SIC) for DEM@nmponents (and systems) is being
proposed in [2]. Systems or components that amifted as SIC for the confinement need to
comply with the confinement approach identified BlEEMO.

Taking a bottom-up approach at system level, th€icement function has been identified
for the main systems defined in the plant breakd®tvacture (PBS) at level 1 [3]. The
reference design is EU_DEMO1 2015 [4]. On the bafigthose systems possessing a
confinement function, a confinement strategy haanh@oposed. In this context confinement
systems and barriers are defined, which are ngt famloperation but also for maintenance.
DEMO main safety systems and devices are propobBee.assignment of a confinement
barrier to each the identified source is also peréal. DEMO safety approach is based on the
identification of potential hazards which could deto radiological consequences if no
protection is defined. Sources and hazards ardifigefirstly.
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2. Sourcesand hazards

Due to tritium usage and neutron generation in DEM® radiological safety implications

have to be dealt with. Stored energies may havepthential to affect the confinement to
destroy the system integrity, and to mobilise radiive sources that could result in the
release of radioactivity. Energy sources identified DEMO are: enthalpy in structure and
coolant, plasma thermal energy, magnetic energyupiion mechanical energy in operation;
decay heat after the plasma shutdown; energy fromthermal chemical reactions between
materials in accident situations (reaction of stéam with tungsten, PbLi, beryllium, etc.),

dust explosion, overpressure scenarios, spillsyafgenic / hot helium into the vacuum vessel
(VV), etc.; and energy release due to postulatebldgen explosion.

Radioactive sources identified for DEMO are: (Ifium inventory in various locations (the
VV, the PHTS (Primary Heat Transfer System), fugtle components, etc.); (2) dust
particles in the VV (mainly tungsten and EUROFERE do the plasma / wall interaction
during normal operation, as well as in other stdtig. disruption in accident case); (3)
Activated Corrosion Products (ACPs) in the PHTSsealuby corrosion, erosion (e.g. in water
cooled blanket and divertor, in LiPb breeder b@#);neutron sputtering products (e.g. in gas
cooled blanket); (5) activated materials in bregdinaterials, in the PFC (Plasma Facing
Component), in the in-vessel structure, as welhaolant (e.g. activation in water or liquid
metals); (6) possible radioactive isotopes fromla@ases (mainly with neon or argon) used
for plasma seeding, which may be generated by oewtpture processes, in particular neon,
argon, krypton, xenon (these can be easily moblilased should be quantified); (7) nitrogen
seeding for ELM (Edge Localized Mode) mitigationtragen impurity in structures, and
injected nitrogen to avoid hydrogen explosion.slimportant to estimate inventories of the
radioactive sources in the VV and mobilisable fiaet for accident analyses in order to
assess the consequences of a hypothetical release.

The number of confinement barriers that are requdtepends on the potential internal and
external hazards, and the potential (radiologicab)sequences of failures. Internal hazards
are mainly: internal fire / explosion, thermal edes, plasma transients / disruption, internal
flooding, missile effects and pipe whip as wellj@simpingement, loss of vacuum (LOVA),
loss of coolant (LOCA), loss of heat sink (LOHS)s$ of cryogenics, mechanical risks,
chemical and toxic risks, and magnetic and elecaigmetic risks. The use of halogenated
materials at high temperatures has the potentiatiécomposition to harmful and corrosive
products, which could challenge confinement bouiedaas well. A complete DEMO safety
analysis incorporates an analysis of the impacexdérnal events on the plant. External
hazards can occur due to: the natural environneanti{quakes, extreme climatic conditions,
notably severe temperatures, snow load, wind agtdning, external flooding, and external
fire), or human activities (aircraft crashes, hdgagssociated with the industrial environment
and communication routes, such as external explesand unauthorized access, station
blackout, pressure or temperature shocks from antid a nearby facility on-site).

3. DEMO main systems and confinement

From the point of view of the confinement functibtya the DEMO main systems at the PBS
level 1 are distinguished as either active or passystems in Table I. The systems have been
analysed based on the Plant Description DocumebD)P[5] to identify a potential
confinement function. Systems having a confinenfienttion are indicated with symbol (+),
and symbol (-) for systems regarded as having néireement function in the safety case.

TABLE |: DEMO MAIN SYSTEMS AT THE PBS LEVEL 1
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Active system Passive system
e Magnet system (-) e W (H)
e Tritium, fuelling, vacuum (TFV) (+) »  Divertor ()
e Tritium extraction removal (TER) (+) *  Breeding blanket (BB) system {})
»  Electron Cyclotron (EC) system (+) o HCPB (Helium Cooled Pebble
«  Neutron Beam injection (NBI) system (+) Bed) _ o
. lon Cyclotron (IC) system (+) 0 HCLL (Helium Cooled Lithium
+  Plasma diagnostic and control system (+/-) Lead) o
«  Blanket-PHTSs (+) 0o DCLL (Dual Coolant Lithium
; ; Lead)
VV-PHTS incl. emergency cooling system (+) i
. Divertor-PHTS (+) 0 \(\QEE)L (Water Cooled Lithium
e VV pressure suppression system (VVPSS) (+) o
. Limiter (-)
* Remote maintenance (RM) system (+)
*  Cryostat (-)
*  Balance of plant (BOP) (-) .
N e Thermal Shields (-)
e Cryoplant & cryodistribution (-) . .
) e Buildings (tokamak and tritium
*  Electrical power supply systems (-) i
*  Plant Control System incl. Central Safety buildings) (+)
System, Monitoring System (-) *  Radwaste storage (+)
*  Auxiliaries (-)
 Radwaste treatment (+)

The magnetic energy stored in the magnet systemahasnpact on the confinement in
accident situations. A huge amount of magneticgner accumulated in the superconducting
coils (e.g. ~135 GJ in toroidal field (TF) coilf)has to be evacuated outside the coils and the
tokamak building in case of malfunctions or coildees. The safety risks associated with the
magnets originate from quench development witha@rgy discharge, and short circuit of
the (TF) coils and consequent arcing towards cenfient barriers and release of 4 k helium.
The credible magnet system failures under normalabnormal conditions (including
earthquake) must not cause damage to the confirtdraamers.

The VV ensures two safety requirements: confineraadtsupport function. It is classified as
SIC1 in [2] and should be capable to withstand guess and environments loads resulting
from off-normal events. The confinement barriefaamed by the outer shell of the vessel
double wall, the single wall of ports and the cariiem between ports and port plugs. The
entire vacuum boundary also provides the confindrrction including seals, feedthroughs,
(ceramic) windows, bellows, etc., which are morlgtable to failure than the vessel itself.

In the blanket-PHTS, water or helium as coolant barcontaminated by permeated tritium
produced in the BB; by ACPs caused by corrosiopsien with water as coolant and PbLi as
breeder; by dust and neutron sputtering produetsdhe accumulated as well. The blanket-
PHTS has to provide confinement for the coolant maiioactive sources, and it is classified
as SIC1 in [2]. Also the divertor- and VV-PHTS haeeconfine the coolant and potential
radioactive sources. The VV-PHTS is classified #&2Sin [2]. The emergency cooling
system is activated to remove decay heat on failfitke VV-PHTS.

The tokamak building forms the final barrier betwdbe tokamak and the environment, and
it is classified as SIC2 in [2]. Three alternativell design concepts have been proposed: 1.
high reinforced concrete building, 2. single-walleshtainment with steel liner, 3. double-

walled containment. Concept 1 adopts the ITER cand@oncept 2 adopts the containment
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concept for the European pressurised reactor [6f. Eoncept 3 the inner pre-stressed
concrete wall withstands high pressure in casecoidant, and the outer reinforced concrete
shell withstands external aggression. A proper limacept should be selected with respect to
tritium behaviour, leak rate, coolant and accidemtditions. The options of a metallic liner, a
composite liner from homogeneous fibres or compo&iminate, or no liner are being
considered.

In the TFV, the vacuum pumping system enables tisoleof tritium and dust inventories
during off-normal conditions. Leaks into the systenuld be inward and would result plasma
termination due to unsuitable vacuum conditiongs Itlassified as SIC2 in [2] for loss of
vacuum. The fuelling system confines gases (e.gDHT, He) within the TFV, and it is
classified as SIC1 in [2]. A fusion power shutdosystem and a Disruption Mitigation
System (DMS) are included in this system. In thigéiutn plant systems, the coolant
purification system (CPS) which removes the tritidram the BB coolant, the tritium
extraction and processing system (TEPS) which gesms the outlet stream from the BB
tritium extraction system (TES) of the TER, and te&amak exhaust processing (TEP)
system which removes impurities and plasma enhantemases, are relevant for the
confinement function [7]. During the plant shutdotire exhaust detritiation system (EDS)
needs to be functioning to process off-gassinmmitfrom sources to be reserved / recycled
as potential fuel.

4. DEMO confinement strategy

Starting with the DEMO systems that have been ifledtas possessing a confinement
function, multiple confinement systems / barrienes i@equired for DEMO as a nuclear facility,
in order to protect the personnel, public and emrnent against radioactive material releases.
The confinement function should be ensured for evemrceeding level three of defence in
depth [8], which may require measures to mitigate ¢consequences of accidents that result
from failure of the third level of defence. Hencadioactive releases must be kept as low as
reasonably achievable (ALARA). The sequential leasriassociated with the confinement
systems are essential to confine hazards and nsaitritium release. The principles to take
into account for confinement systems are: indepecyglamong confinement systems, passive
safety methods, high reliability of components, andurate monitoring and control.

4.1.Confinement systems and barriers

Two confinement systems have been proposed for Bbepean DEMO. The first
confinement system prevents releases of radioaatiehazardous materials during normal
plant operation into the accessible working areasrder to protect personnel. The second
confinement system prevents environmental releabéisese materials to the working areas
accessible by non-classified radiological workéing, general public and the environment in
the event of failure of the first confinement. Tanger wall of the second confinement system
has to withstand external aggression.

A confinement scheme is shown in Fig. 1 identifyithpse systems providing the major
safety functions of DEMO. Four blanket conceptsngsdifferent breeding materials and
coolants necessitate the implementation of diffeteshnological solutions matching the
confinement target. The PbLi breeding loop is scitesed for the HCLL, DCLL and WCLL
concepts, which is not required for the HCPB cohcBplLi is also used as coolant, together
with helium, in the blanket-PHTS for the DCLL, whithe blanket-PHTS consists of only a
helium loop for the HCPB and HCLL, and of only ateraloop for the WCLL. The PbLi
breeding loop in the HCLL and WCLL has a heat erdgea (HX) to the side of the TES,
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which is not shown in the figure. The first confiment system consists of the first and second
barriers. High reliability of the first confinemeharrier for enclosing radioactive inventories
is required. The second confinement barrier max@sgeparation and independence from the
first barrier, in order to prevent a common modkifa. In these two barriers penetrations of
ducts, pipes, etc. must be handled with care tmatconfinement function is not therefore
affected. In addition, key sub-systems having afinement function are assigned to the
confinement barriers. The first barrier contains YV, its extensions (including NB cell, the
VVPSS in case of accident), the blanket-, the VNd divertor-PHTS, fuelling line, tritium
systems and components. The second barrier incthéegVPSS, the drain tank, the PHTS-
HX, glove boxes, the CPS, the TES, the emergenolingpsystem, and isolation valves. The
third barrier provides the second confinement sgstéhich contains active systems such as
the HVAC system, the Normal Vent Detritiation Syst¢N-VDS), the S-VDS, the TEP
system, the EDS, the common discharge point, amtb#tamak and tritium buildings.
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FIG. 1. EU DEMO confinement Scheme.

The VVPSS is classified as SIC1 in [2], since miits the VV pressure in the event of in-
vessel LOCA and confines radioactive sources insystem. For the helium cooled blanket
concepts (HCPB, HCLL and DCLL), an expansion volyiiB¥) with a passive safety feature
is required. This is tentatively placed outside tileamak building because of its potentially
huge volume. The EV is assumed to be part of thergkconfinement system. A combined
VVPSS and EV concept is being explored in the EURDIN safety program [9]. Isolation
valves are considered as SIC1 for the VV or as Si@2other barriers which maintain
confinement in the system’s own volume in ordeavoid a release to the next system / room.
Double isolation valves are installed at the irsteef to the NON-SIC side (IHTS and PCS of
the BOP) in order to prohibit, limit, or spatiatiyvert the release of radioactive sources.

4.2.Confinement during maintenance

Maintenance requiring remote removal and replacemkthe in-vessel components (IVCs)
and in-cryostat components has relevance for théreament. Since the VV is opened during
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maintenance such that it is no longer a confinerbantier, systems working in maintenance,
which are part of the second and third barrieréndunormal operation, become the first and
second barriers respectively. Thus keeping two inenfent systems, each confinement
system containing one barrier is proposed for rea@mce. The first barrier contains the
VVPSS, the drain tank, the emergency cooling systerd also the cryostat (if its vacuum is
unaffected). In addition, adopting the ITER maiatere cask concept, the contamination
control door [10] and the transport cask are ao @f the first barrier. The transfer structure
for transportation of the transport cask from thieatnak building to the Active Maintenance
Facility (AMF), the AMF for dismantling, maintenam@nd storage, the HVAC system, the
ADS, the VDS, the EDS, and the tokamak building tmelcommon discharge point are part
of the second barrier in the second confinemertesysAn advanced maintenance concept
with a robust hot cell structure above the bioshiwhich connects directly to the AMF is
being developed [11]. In this case the hot cellaegs the casks as the first barrier and the
transfer structure is removed.

4.3.Main safety systems and devicesfor DEM O

The systems and devices implementing the majotyséfiections in Fig. 1 are proposed in
Table Il and are classified as passive or activatesys. In ITER, the fast plasma shutdown
system (FPSS) is classified as active system ghattuated by a passive logic; however in
DEMO its design can follow the criteria of passiwemponents specified in [12] to be
classified as passive. For the DMS, the safetytfondas not been assigned in ITER, but it
could be assigned in DEMO [9].

TABLE II: PROPOSAL OF THE MAIN SAFETY SYSTEMS AND BVICES FOR DEMO.

System / device Safety function / Call on service/ Consequence by failure

W ar_ld Its extensions Confinement / Always / Loss of'confinement barrier
(passive)

VVPSS (passive) Confinement / In-vessel LOCA / LoE$ confinement barrier
Tokar_nal/tnﬂum Building Confinement / Always / Loss of 2nd confinement sgst
(passive)

FPS¢ (passive Plasmeterminatior / Severe even / Partial failure ofthe PFC

Avoid or reduce disruptions / Abnormal operatidrarge

DMS (active) disruption, damage of the IVCs

, .|\ Decay heat Removal / Unavailability of the PHTSille of
Emergency cooling (active )active heat removal

Condition room air, maintain depressurized atmosptend
isolation in case of tritium released in the buitgiNormal
operation / Pressure increase of the building epessed by the
pressure relief and subsequent filter system

HVAC (active)

N-VDS (active Collect titium release/ Normal operatio / S-VDS start
Collect tritium released in abnormal scenario, gues control /
S-VDS (active) High level of radioactivity inside the 2nd confinem / Pressure

increase of the building, possible tritium release.

Common discharggoint | Control pressure by release through the stack £2nfinement

(passive) overpressure signal / 2nd confinement overpressure
N2 injection (active) / PAR| Avoid H, explosion / Passive /tyjeneration / Blexplosion
(passive) limited to small scale not affecting barrier intiégr

Magnet energy fast Avoid arc or short in magnedease of 4 k He / Temperature
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discharge system (active)

increase in magnets hatagjuench, possible damage to the
confinement barrier

Emergency Power Supply
(active)

Supply emergency safety systems / Loss of power pdiver
supply to safety systems (station blackout)

Central Safety System
(active)

Monitor the overall plant status, coordinate actitmbring the
plant into a safe status / When the plant goesbilte safety
operation domain / The plant is brought to the s#digus through
separate actions via Plant Safety Systems

Monitoring System (active

Detect the radioactivity concentration in all nasléuildings and
through the common discharge point / All time / Libge
monitoring also of the releases to the environnienoiugh the
common discharge point

Fire barriers / suppression
(passive/active)

Prevent propagation of fire / Fir€>fopagation of fire and possi
release

EV (passive)

Protection of the VV, room and building / Alway®¥erpressurg
of the VV, cooling system room and building

Isolation valvi (active’

Confinemer / LOCA / Release of the source termsthe BOF

4.4 Assignment of confinement barriersto the sour ces

It is important to ensure that each source is oewfiby suitable active / passive barriers.
Table lll shows the assignment of confinement basrito each of the sources shown in
section 2. Only systems and devices being activateldr abnormal and accidental conditions
are listed. Not every source is confined by botlivacand passive barriers as expected. More
passive barriers are required for the confinemeattident situations.

TABLE Ill: ASSIGNMENT OF SOURCES TO CONFINEMENT BARERS.

Sour ce Barrier
active passive
Energy Decay heat Emergency cooling syst{@8CS (WCLL)
Chemical reaction Emergency cooling systgpCCS (WCLL)
Dust explosio N, dilution, O, limitation |VV
Overpressure scenar| VVPSS, drain tan VV, EV, rupture dis
Spills of cryogenic o .
h(r))t heIium%n?o the VY~ VV, BV, rupture disc
H, explosion N injection VV, PAR
Radioactive| ... S-VDS, EDS, isolation
Tritium VV, emergency storage syst
source valve
Dust Isolation valve VvV
ACPs Isolation valve vV
Activated materials - VV

5. Conclusions

The confinement study for the European DEMO has lieeestigated for the main systems at
the PBS level 1 taking a bottom-up approach. Camsetly, a confinement strategy has been

! Passive Containment Cooling System (PCCS) is widséd for water cooled nuclear power plant (NRRY,

it is considerable for the WCLL concept.
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proposed, in which two confinement systems andcethssociated barriers have been defined.
For maintenance two confinement systems contaioiggbarrier in each confinement system
has been proposed. The main safety systems andedeliave also been proposed. The
assignment of confinement barriers to the sourbesvs that not all sources are covered by
both passive and active barriers. The confinemamttion is being identified for sub-systems
and components accompanying the development of IB23s in the EUROfusion safety
program. The following open issues need to be vesbin priority from the confinement
point of view: (1) define inventories for all mokéble radioactive sources; (&) provision

of the helium EV;(3) provide discharge capability for the poteryidduge amount of magnet
energy in accident scenarios; (4) select wall aoohposite liner options for the tokamak
building taking into account cost implications; (&fine leak rate conditions for confinement;
(6) explore additional passive / active methods donfinement barriers; (7) maintain
confinement for different plant states (includiraiccand hot standby, and maintenance).
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