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The scope of the EUFOfusion Work Package Breeding Blanket is to develop a blanket concept for the EU DEMO
reactor; this includes the blanket segments inside the Vacuum Vessel and the related Tritium Extraction/Removal
Systems. In the Pre-Concept Design (PCD) Phase, two concepts have been selected as candidates; a solid and a
liquid breeder blanket cooled with helium and water, respectively. The design of these two blanket systems has

been adapted to the DEMO plant design developed in the PCD Phase and performances assessed. A large R&D
programme has been implemented with the scope to evaluate different technologies for these blankets; including
the development of breeders, tritium extraction and cooling technologies, and the manufacturing of the blanket
system. A major milestone in the subsequent Concept Design Phase is the final selection of the blanket concept

for DEMO.

1. Introduction

The presence of a fully developed breeding blanket (BB) System [1]
is one of the key characteristics of DEMO; indeed, the plant not only has
to guarantee the tritium self-sufficiency (i.e. to produce entirely the T
that necessitates for the operation) but also use a high-temperature
coolant to ensure a favourable heat conversion to generate a net elec-
tricity outcome. To achieve these goals, the BB System shall occupy
more than 85% of the in-vessel surface/volume surrounding the plasma,
collecting a similar percentage of the total power in its heat removal
systems. For these reasons, the BB requires large and complex auxiliary
systems to perform its functions, namely the Primary Heat Transfer
System (PHTS) [2], the Power Conversion System (PCS) [3], and the
Tritium Extraction and Removal (TER) System. In addition, safety
characteristics and related safety systems are heavily impacted by the BB
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materials and technologies. Therefore, the selection of the type of
blanket is a strategic choice that strongly constrains the whole DEMO
plant design, its safety features and economic viability.

The major goal of the EUROfusion Work Package Breeding Blanket
(WPBB) is to complete the design at the conceptual level of the BB
systems (including TER) compatible with the DEMO requirements and
interfaces [4]. The main objective for the design development of the BB
concepts during the PCD Phase has been to strengthen the technical
basis and resolve most of the main technical issues associated with the
driver blanket concept candidates. Therefore, efforts have been dedi-
cated to consolidating a design by 2020 and to the identification of the
technical issues and R&D gaps for the next Concept Design (CD) Phase.

In contrast to past DEMO studies, the BB design activities during the
PCD Phase were defined to follow a holistic design approach, where
aspects of Systems Engineering, integration, industrialization and costs
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have been selected as design drivers. This design approach, which pri-
oritizes mature technologies to maximize the overall plant Technolog-
ical Readiness Level (TRL), had strong implications, for example in the
way PHTS and PCS, as well as Remote Maintenance (RM) tools and
Vacuum Vessel (VV), are understood and designed. For example, efforts
for minimizing the pressure drops (i.e. the circulating power of the
plant) or for improving the remote maintainability of the BB have been,
therefore, the main design drivers during the PCD Phase, along with the
maximization of the tritium breeding performance and ensuring the
fulfilment of safety requirements.

Initially, four blanket concepts developed previously in Europe were
reviewed [4], however in the latter stages of the programme, in-
vestigations were streamlined on the two concepts; namely, the Helium
Cooled Pebble Bed (HCPB) and the Water Cooled Lead-Lithium (WCLL).
These were judged more mature and promising as driver blankets for the
DEMO power plant. Accordingly, the TBM programme has been aligned
to this choice.

In the paper, Section 2 presents the design of the two reference
blanket concepts as developed in the PCD Phase. Section 3 presents the
R&D that is conducted to validate the design; this Section will present
the following key technologies: development of breeders (solid and
liquid), the tritium extraction technologies, the cooling technologies for
the two coolants (helium and water) and the manufacturing of the
blanket.

2. The blanket design for the EU DEMO

As aforementioned, a main requirement for the EU DEMO reactor is
to produce all tritium necessary operating the plant, without relying on
additional external sources apart from the several kilograms of tritium
necessary to start reactor operations [5]. To achieve this, tritium should
be produced so that the losses and trapping are compensated for; the
blanket system should be designed so that approximately 5% more
tritium can be produced in comparison to the amount burnt-up in the
D-T reaction, therefore an effective Tritium Breeding Ratio, TBR, of
~1.05 is needed to meet this requirement. As the blankets are the only
components to breed T in the reactor, the T self-sufficiency can only be
achieved with an accurate nuclear design of this system. Additionally,
breeder and neutron multiplier materials will be located in the prox-
imity of the plasma and neutron absorption materials must be mini-
mized in the breeding zone.

There are considerable design requirements placed on the BB system
as a whole. The design of the blanket has to ensure effective cooling of
all the parts subjected to surface and volumetric heat loads to cope with
the temperature and design limits of the materials. The structures
forming the blanket have to withstand the mechanic loads coming
mainly from the coolant pressure, thermal stresses and electromagnetics
loads. The intense neutronic flux requires a careful selection of struc-
tural materials able to operate for many years under irradiation without
degrading their properties. In the near term perspective for the DEMO
construction (next 20 years), the only possible structure material for the
blanket construction is steel and, among steels, only ferritic-martensitic
options have the potential to withstand the 14-MeV-neutron exposure
for some years. In this class of steel, the Reduced Activation Ferritic-
Martensitic (RAFM) steel, namely EUROFER-97 (9Cr-1WVTa), has
been developed for more than 30 years within Europe and is considered
the reference for the BB design [6].

Blanket structures and breeders will be exposed to severe neutron
irradiation during operation and, after a certain operation time, they
need to be substituted; for this reason, their lifetime is an important
parameter for the total availability of the reactor. The replacement of
blankets is a complex and time-consuming operation. The present DEMO
requirements [7] foresee that a first blanket set has to be designed for a
lifetime corresponding to neutron damages of 20 dpa (displacement per
atom) that corresponds to about 2 full power years (FPY) for steel
components exposed to an average neutron wall load of 1 MW/m?. A
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second BB set should arrive at 50 dpa in 5 FPY; this means that one
scheduled replacement of the whole blanket system is necessary for the
life of the DEMO reactor (which is about 70 dpa in ~7 FPY).

Therefore, the DEMO plant should be fully designed to remotely
maintain the BB through a dedicated and efficient RM system. A vertical
replacement scheme through large upper ports is envisaged and, on this
architecture, the design of the blanket was adapted during the PCD
Phase [8]. According to this RM concept, each blanket sector (toroidal
portion between two TF-coils) is vertically (i.e. poloidal direction)
divided into 3 outboards (OB) and 2 inboards (IB) segments; for a
16-TF-coil-reactor this means 80 individual segments that should be
replaced (see Fig. 1). Each segment has pipe connections for the inlet
and the outlet of the coolant and tritium carrier (see Fig. 2 for the HCPB
and Fig. 4 for the WCLL).

Driven by these external constraints, a blanket segment requires a
robust Back Supporting Structure (BSS) that supports the Breeder Zone
(BZ), containing the breeder and multiplier materials, and the First Wall
(FW), facing directly the plasma. This BSS is then connected to the VV
using an attachment system that allows replacement from the upper
port. In addition, the BSS includes the main manifold system that feeds
the BZ and the FW and connects the PHTS outside the vacuum vessel. In
the current architecture, the BB is based on a Single Module Segment
(SMS). This has been chosen against the former Multi-Module Segment
(MMS) due to: (1) the need to increase the segments’ cross-section to
strengthen them against EM loads during disruption events, this has
been also necessary after the reduction of the radial thickness from 1.3 m
to 1.0 m of the latest DEMO baseline in 2017, and (2) to improve the
reliability and availability of the plant, as the MMS architecture results
in many more pipe service connections.

Even though the two investigated driver blanket concepts (see Sec-
tions 2.1 and 2.2) use different breeders and coolants, they share the
same basic architecture that foreseen a strict separation between the BZ
occupied by the breeder, multiplier and a tritium carrier, and the coolant
channels. This corresponds to a separation of functions of the two in-
dependent loops: tritium transport and blanket cooling. The coolant
(helium or water) flows capillary in small channels; it removes the
neutron, ion and photon heat and maintains the required operational
temperatures in the materials. The BZ is connected to the tritium
extraction circuits; this allows the tritium to remain concentrated in a
dedicated circuit and not to be diluted in the coolant. The T carrier
(helium or PbLi) does not contribute substantially to the heat removal as
its mass flow is low. The blanket is then a “two-chamber system” that
geometrically recalls a heat exchanger. The resulting large interface
surface between the coolant and the BZ chamber (evaluated of about
12,000-16000 m?) causes some of the major issues in the current
blanket design. Indeed, the large number of welds, necessary to manu-
facture this component, causes issues in terms of overall reliability [9].
On the other side, the large surfaces induce the necessity to strictly
control (using barriers) the potential permeation of T from the BZ to the
coolant chambers jeopardizing the T confinement function.

2.1. The helium-cooled pebble bed (HCPB)

The HCPB breeding blanket concept adopts a solid breeder and high-
pressure helium as a coolant. The breeder fills the blanket box and
tritium is extracted from it with a purge gas and transported from the
reactor. The solid breeder is a ceramic lithiated compound; to increase
the neutronic performance, it is traditionally combined with beryllium
(again as solid) in the function of a neutron multiplier. With this com-
bination, it is possible to reach very high neutronic performances. To
maximise this result and exclude safety issues like the reaction of
beryllium with water in accidental conditions, helium was always
preferred as a coolant in EU concepts. In addition, helium can be
adapted in very large temperature windows opening the possibility to
increase the temperatures and the thermal-hydraulic efficiency of the
concept. To achieve this, materials that can cope with higher
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Fig. 1. EU DEMO baseline configuration.

temperatures still have to be developed and validated for fusion use; in
the case of EUROFER, the thermal window is limited to a range of about
300 and 550°C.

The DEMO HCPB design developed on concepts from previous
studies (see Dalle Donne [10] and Hermsmeyer [11] for the concepts of
“sandwich” breeder zone and “beer box” reinforcement, respectively),
and underwent a major revision in 2018. The design produced at the end
of the PCD Phase adopts an innovative configuration, the so-called
“fuel-breeder pin” [12]; this configuration includes a new strategy for
the helium flow, using an advanced ceramic breeder and new material
for the neutron multiplier, namely hexagonal blocks of TiBejy (see
Fig. 2). The box structure is entirely EUROFER; a 2mm-layer of W coats
the plasma side of the First Wall (FW). The coolant and purge gas
pipework is connected to the segments by segment chimneys (Fig. 2-a);
in total 2 pipes (inlet/outlet) for the helium coolant and 2 pipes for the
purge system for each blanket segment. The internals are shown in the
cross-sections A-A and B-B of Fig. 2-a and b. The BZ volume is formed by
the FW and the BZ backplate and is filled by a radial arrangement of
pressure tubes connecting the FW with the BZ backplate. These pressure
tubes therefore also act as radial stiffeners and are key structural sup-
ports against an in-box Loss of Coolant Accident (LOCA). The
fuel-breeder pins are then inserted into the pressure tubes and connected
to the BZ backplate.

A fuel-breeder pin (Fig. 2-c and d) is a system of 2 concentric cyl-
inders. The resulting volume in the pin cladding is filled with a ceramic
breeder (CB) material, which is a mixture of Li4SiO4 + 35% mol Li;TiO3
(at 60% °Li enrichment) in a pebble bed form. The TiBe;, is inserted
around its corresponding pressure tube. Tritium is produced in both CB
and TiBej and it is extracted and transported out of the segments using
a purge gas (He + 200 Pa Hy). He at 8 MPa is used as a coolant due to its
neutronic and chemical inertness. The coolant temperature window is
set then to 300 to 520 °C.

In particular, the introduction of beryllide structures implements
features from the lessons learned during the first years of the PCD Phase
[13]. The adoption of a radial flow in the BZ in the pins has drastically
reduced the plant circulating power to ~90 MW. With 16 helium
blowers in the whole HCPB BB PHTS, each blower provides about 5.625
MW circulating power, for which a high TRL blower is available [14].
The pin arrangement allows better thermal management, permitting a
higher outlet coolant temperature to 520 °C, a key advantage for the
BOP. The filling of functional materials is another key advantage in this

design, as well as the improved TBR performance (up to 1.20) [12].

Despite the achievements in PCD Phase with the HCPB pin design,
critical issues remain to be addressed for the CD Phase. Some of them are
shared with the present class of blanket design (the low BB reliability of
the “two-chamber design”, high manufacturing costs, or the risk of loss
of structural integrity of the BB due to the DBTT shift in EUROFER).
Other major issues are HCPB concept specific: (1) low TRL and still high
associated costs for producing the TiBe;s neutron multiplier and the
breeder ceramic pebble beds, (2) potential high thermal stresses due to
~200 K difference between coolant inlet/outlet temperatures, (3) the
low shielding capability of helium-cooled structures that requires ac-
curate design provisions, (4) large diameters in the feeding helium
coolant pipes, up to DN350 for the OB outlet coolant. To improve the
reliability of HCPB BB, a proposal of HCPB equilizing the pressure be-
tween purge gas system and cooling system thus eliminating in-box
LOCA welds is proposed and will be further studied in CD Phase. Cor-
responding studies on a high pressure HCPB TER are started, see below.

The TER system for the HCPB BB is a He-loop with the purpose to
purge the HCPB BB BZ and consequently extracting tritium from the
blankets. In addition, in the TER system, further processing in view of
the removal of Qy and Q.0 from the He carrier gas is realized. The final
tritium extraction/recovery shall be realized in the DEMO Tritium Plant
(TP).

Following the recent assessment of the technologies for TER HCPB
(see Section 3.3.1), the reference design resulting from the PCD Phase is
based on two stages in series; first the adsorption of Q20 on the Reactive
Molecular Sieve Bed (RMSB) followed by the adsorption of Q2 on the
Cryogenic Molecular Sieve Bed (CMSB) at 77 K [15]. Tritium shall be
recovered from the RMSB via catalytic isotope exchange (isotopic ex-
change between a purge gas Hy/Dy and the adsorbed Q20 on the RMSB)
and from the CMSB during regeneration by heating-up of the beds. The
extrapolation at the DEMO scale of the TER for the HCPB based on
adsorption processes has been completed in PCD Phase with industrial
support. The activities covered the pre-sizing of the TER equipment and
the integration with the interfacing Tritium Plant system. The TER HCPB
has been designed to process 10,000 Nm®>/h He gas at a pressure of 0.2
MPa, containing 200 Pa H; at the inlet in the breeding blanket and to
recover the tritiated water and the elemental tritium from the He stream
that is expected to be at concentrations in the range 10™4-107> [16] (see
Fig. 3).

Despite these achievements, further investigations are still planned
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Fig. 2. Reference HCPB BB design for the EU DEMO.

in the CD Phase to improve the performance of this system. In particular,
the Q. adsorption on the CMSB at 77 K has the following main draw-
backs: large consumption of liquid nitrogen and large variations in the
gas flow rate of tritium flow sent to the Tritium Plant, during the
regeneration of the CMSB. Alternative solutions to the Qy adsorption at
77 K have been evaluated; in particular, it was found that hydrogen
adsorption on getter beds, even at ambient temperature and wide ranges
of operational pressure, can provide a good alternative.

Another design option under investigation is related to the distri-
bution of tritium molecular species at the outlet of the BB; investigation
showed that HTO in the present design is almost 20 times lower
compared with HT form. However, there would be a real benefit of
increasing the amount of steam in the purge gas up (adding H»O in the
purge gas composition) to the allowable limits that avoid intolerable
corrosion of the BB components: this would minimize the HT tritium
form and increase the HTO form reducing the tritium permeation in the
cooling gas. In addition, the presence of steam in the purge gas allows a
higher isotopic exchange rate compared with hydrogen [17].

The third option is related to the increase in the TER operational
pressure equalising it to the level of the cooling gas; the large pressure

difference inside the BB box is one of the main concerns related to the
operational availability of the BB. The option of the HCPB TER operation
at 8.0 MPa is under evaluation equalising the pressure in the two BB
chambers and considerably reducing the mechanical requirements of
the separating structures [18]. Each of these design options requires
dedicated R&D that is described in Section 3.3.1.

2.2. The water-cooled lead lithium (WCLL)

The WCLL breeding blanket concept adopts a conventional cooling
system (water at PWR conditions, 15.5 MPa, 295-328 °C) in combina-
tion with a liquid breeder, PbLi. More precisely, the lead-lithium
eutectic alloy Pb15.7Li acts as neutron multiplier, tritium breeder and
carrier medium. PbLi transports T produced within the BZ outside the
VV, where it is extracted and routed to the fuel cycle. To maximize
tritium production, the lithium present in the PbLi alloy will be enriched
at 90% in °Li. The advantage of this concept is the high technological
maturity of some basic technologies (e.g. components of the cooling
systems) and the low costs of breeder and coolant. Despite this, some key
technologies are still in a selection phase, including the T extraction
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from the breeder, the water chemistry and the T purification from
coolant water.

Like the HCPB, the WCLL blanket has been extensively studied pre-
viously [19]. The DEMO concept resulting from the PCD Phase [20]
presents a robust box segment with an internal grid of poloidal-radial
and toroidal-radial stiffening plates, which assure the structural integ-
rity of the component in particular against pressurization events (in-Box
LOCA). The liquid PbLi fills the blanket box flowing between the
poloidal-radial stiffening plates, actively cooled by bundles of
Double-Walled Tubes (DWTs) that contain the coolant water.

The DWT technology (see also Section 3.6) has been adopted in the
present design to mitigate the risk of tube break causing a reaction be-
tween water and PbLi; this reaction is one of the major safety issues of
the WCLL design (Section 3.2.4). It was estimated [21] that even if the
most pessimistic failure rate were assumed, the probability of a
water/PbLi interaction event in the case of a DWT would be much lower
than the one of a single wall tube with advantage in both safety and
investment protection.

FW and DWTs are fed with water by two separate cooling circuits.
PbLi and water are supplied to FW and BZ regions employing dedicated
manifold systems, mainly consisting of a series of spinal collectors
allowing continuous fluid distribution/collection along with the poloi-
dal development of the segment. The design of a WCLL BB segment is
made in a way that the segment can be thought as a poloidal stack of
elementary cells. Water coolant pipes (4 pipes per segment) and PbLi
outlet ones (1 pipe per segment) are integrated into the upper port,
while the PbLi is routed to the BB through the lower port (1 pipe per
segment). An overview of the WCLL BB, with the detail of the elemen-
tary cell, is depicted in Fig. 4.

One of the main achievements carried out during the PCD Phase in
the WCLL BB design was the improvement of the neutronic figures of
merit increasing the TBR value up to 1.15 maintaining good shielding
performances [22]. Furthermore, it succeeded in increasing the FW
average temperature, adopting a non-uniform poloidal channel distri-
bution [23], without compromising both the BZ cooling capability [24]
and the overall thermo-mechanic performances [25]. The optimization
of the internal BB structures, with particular regards to the stiffening
structures and the PbLi manifold, thanks to the extensive research made
on Magneto-Hydrodynamics (MHD) phenomena occurring in the
in-Vessel region [26].

Further design activities in the CD Phase should be focused on
increasing the maturity level of inboard and outboard lateral blanket
segments, as well as on the simplification of the BB layout to increase its
reliability (reducing the number of welds) and its manufacturability.
Further design specific issues for this concept remain to be addressed in
the CD Phase; in particular, the drainage of the liquids (water and PbLi)
before segment replacing operation if the remote systems cannot handle
the entire weight of a full segment (about 160 t). Furthermore, the
consequences on the design of helium formation in PbLi (nuclear reac-
tion of Li with neutrons) with possible formation of gas plugs are still not
clear.

The WCLL TER System is constituted of a PbLi loop connected to the
BB BZ, a pumping system to recirculate PbLi, a Tritium Extraction Unit
(TEU) that separates tritium from the PbLi flow and a circuit to transfer
tritium from the TEU to the Fuel Cycle. The WCLL TER System is
completed by several auxiliary systems to purify the PbLi flow from
corrosion and activation products, control the PbLi chemistry, remove
helium generated in the eutectic alloy, replenish °Li, heat and cool the
PbLi flow, store the PbLi to empty the BB segments and shield the
equipment due to PbLi activation. Challenges in the design are to protect
the reactor systems from the activation products of PbLi and minimise
the tritium permeation to the secondary containment.

Considering the design of the WCLL BB with a 16-sectors DEMO
machine, the TER system is constituted of PbLi loops: 4 loops for the
Outboard (OB) segments, where each loop is connected to 4 OB sectors;
2 loops for the Inboard (IB) segments, where each loop is connected to 8
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IB sectors. PbLi IB and OB loops are connected to the WCLL BB, to the
Tritium Plant and to the storage tank, which is used to store all PbLi.
Fig. 5 shows the connections between the loops and the other systems.
Each loop is a closed loop with forced circulation of the PbLi. In the PCD
Phase, the preliminary conceptual design of this system and its major
sub-systems and components were completed. The first conceptual
design of the WCLL TER system was defined at the end of the PCD Phase
and reported in [27]. It included a preliminary study on tokamak
building integration, as well [28].

As the T extraction technologies are currently under investigation
(see Section 3.3.2), namely the Gas-Liquid Contactor (GLC), Permeation
Against Vacuum (PAV) and Liquid Vacuum Contactor (LVC), the TEU
design is not yet finalized; large uncertainties remain in the parameters
that affect the design (e.g. component dimensions) and performances.
Nevertheless, the first system design for DEMO was completed with
existing preliminary data for the PAV and GLC technologies. Also puri-
fication technologies (see Section 3.3.2) has been included in the design;
they are necessary to remove the activated corrosion products, the
activated products generated in PbLi (Po, Hg, etc.) and helium (also
generated from PbLi). A preliminary design of the related components
has been proposed. The storage tank (~1000 m?) is placed to the lowest
level of the circuit to permit complete gravity drainage of the liquid
metal circuit.

The design of the WCLL TER needs to be finalized in the CD Phase
with the selection of the more suitable technology. This is essential in
particular for the TEU sub-system whose design will affect the overall
size and performance of the TER. R&D results are still to be achieved for
other subsystems, like the purification technologies or the modelling of
the He-bubble solubility/transport in the PbLi, to properly design
components (e.g. the BZ layout and the He removal system in the PbLi
storage tank).

2.3. Alternative blanket concepts

Further additional BB concepts have been studied, some of which
could be advanced blankets, designed to meet the requirements for a
future commercial reactor, such as coolant conditions able to increase
the thermal conversion efficiency of the machine. Among the possible
candidates, 2 concepts have been extensively studied from the beginning
of the PCD Phase: the Helium Cooled Lead Lithium (HCLL) and the Dual
Coolant Lead Lithium (DCLL). A third one, the Single Coolant Molten
Salt (SCMS), has been considered later.

The HCLL BB System is constituted of the following subsystems; the
in-Vessel BB located inside the VV, the PbLi Loop, and the TER, located
both outside the VV; PbLi Loop and TER designs are similar to the WCLL
(see Section 2.2) sharing very similar requirements. The concept of the
in-vessel HCLL BB consists of segments stiffened by actively cooled
plates, between which the breeder flows slowly. The In-Vessel HCLL BB
is based on the use of the Reduced Activation Ferritic/Martensitic
(RAFM) steel EUROFER as a structural material, the eutectic PbLi
enriched at 90% in ®Li as a breeder, neutron multiplier and tritium
carrier, and the Helium gas as a coolant at 8 MPa pressure with inlet/
outlet temperature at 300 °C/500 °C set due to the thermal limits of the
EUROFER of the structure, the eventuality for Helium to go out at higher
temperature is a valuable option for thermodynamic efficiency and
could be investigated considering advanced structural material. The
detailed design of the HCLL and associated hydraulic, thermo-
mechanical and neutronic analysis for justification of the requirements
and design rules are available in [29].

The DCLL Breeding Blanket is a concept that tries to maximize the
plant net efficiency by using the eutectic PbLi as the main coolant [30],
which is also employed as tritium breeder, carrier and neutron multi-
plier. Helium at 8 MPa is used for cooling the FW and the supporting
structures (EUROFER). Compared with other PbLi-BB concepts, the
liquid metal in the DCLL flows at relatively high velocity (it has to
extract most of the reactor power) leading to MHD issues [31]. For that
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Fig. 5. WCLL TER general view [28]. The Outboard loops are in blue, the Inboard ones are in violet. At the bottom is the Storage Tank.

reason, specific ceramic components, i.e. the Flow Channel Inserts, are
used to electrically isolate the blanket conducting walls from the liquid
metal. Thus, together with the engineering design of the blanket, an
ambitious work programme was developed to fabricate components
made of alumina, with different arrangements and geometries, and
supported by a complete characterization [32]. The EUROfusion pro-
gram considered a version of DCLL working at the maximum operating
temperature of the structural material (550 °C), to allow the use of
conventional materials and technologies. It must be observed that the
limitation to 550 °C means that the efficiency, which is the main
advantage of this blanket technology, is also limited. Apart from the
expected higher efficiency, another important advantage of this kind of
blanket is the reduced tritium permeation and inventory, and a more
simplified design of internals that increase reliability in the RAMI
analysis. Considering that the DCLL was not selected as a possible driver
blanket for DEMO, the activities have been re-oriented towards a more
ambitious concept, where the DCLL could work at higher temperatures
looking for larger plant efficiencies. A preliminary conceptual design has
been presented in [33].

The SCMS Breeding Blanket is based on the use of Molten Salt (MS) as
a breeder and coolant. This concept is at a preliminary concept design
but shows several potential advantages: high coolant temperatures that
lead to high thermal conversion efficiency, low-pressure drops under
magnetic fields (MHD effects reduced due to low MS electrical con-
ductivity), low operational pressure (requirements associated with Nu-
clear Pressure Equipment could be relaxed) and losses of heat are low
too due to the weak thermal conductivity of MS. Several salts have been
investigated, such as Fluorine and Chloride salts. The choice of salt is not
yet fixed since many interfaces have to be involved to make a choice.
FLiBe is a very good candidate regarding TBR requirement while its
melting point temperature is high (460 °C) and N-alloy or coating on
advanced ferritic-martensitic steel is needed to protect the structural
material. FPbLi, CIPbLi and CILiK are promising but neutron shielding
must be developed to protect the VV and the TFC. Few data exist for
FPbLi and CIPbLi salts. In addition, lead is used as a neutron multiplier.
Thermal and thermal-hydraulic analyses have been conducted with
FLiBe and CILiK, with a particular focus on the second due to its low
melting point temperature at 355 °C. In this case, the Fe-19Cr ODS
(PM2000) structural material has been chosen with the proposed MS
inlet temperature set at 480 °C and outlet at 580 °C. Detailed design,
neutronic, thermal and structural analysis are promising and available
in [34].

Studies on variants of the solid breeder blankets were also carried out
in the PCD Phase to explore the standard HCPB design with different
coolants (water or CO2) or different neutron-multipliers (Pb) e.g. the
Molten Lead Ceramic Breeder (MLCB) blanket that uses molten lead,
lithium ceramic and pressurised helium. With virtually no tritium

production in lead, there is no need to circulate the lead loop for
extracting tritium (simplifying system). The neutronics, thermal-
hydraulics and mechanical assessments to justify the MLCB concept
have been successfully conducted by [35]. Furthermore, the absence of
Beryllium (safety consideration for a water-reactive element) replaced
by lead, led to an innovative alternative blanket concept that uses
pressurised sub-cooled water as a coolant. This was investigated in the
Water Cooled Lead Ceramic Breeder (WLCB) concept [36]. In addition,
this concept has the advantage of combining the mature tritium
extraction technology with that of a ceramic BB and the water cooling
technology with that of a water-cooled blanket, which makes this
concept very attractive in terms of technology readiness. Finally, su-
percritical CO» is steadily gaining interest as a secondary coolant to
replace the traditional Rankine cycle across the nuclear and non-nuclear
power plant industries. Its relative transparency to neutrons, more
compact pipework, large industrial basis, abundance and low price
makes CO; an attractive coolant option for fusion reactors. Based again
on the HCPB pin configuration, the CO2-Cooled Pebble Bed (CCPB) with
TiBe2 as neutron multiplier has been assessed by [37].

3. R&D on key blanket technologies

The qualification of the proposed designs required a large technology
R&D programme to address critical feasibility issues, reduce un-
certainties in design parameters and increase the TRL of the present
technologies. This is necessary to justify the selection of the most
appropriate technology and quantify the performances. The R&D pro-
gramme developed in the PCD Phase focused on key technology for the
present reference design of HCPB and WCLL, namely for breeders (solid
and liquid), tritium extraction and manufacturing.

3.1. Solid breeder materials

Ceramic breeder and neutron multiplier materials are essential for
self-sufficient tritium production in the HCPB concept. Traditional
pebble bed configurations consist of interchanging layers of beryllium
and LigSiO4 pebbles. In the PCD Phase, several improvements in the
design and new results in the material R&D lead to a new selection of the
reference materials for the present DEMO concept, now based on an
advanced ceramic breeder (ACB) in a pebble bed form and on new
neutron multiplier, Ti beryllides (TiBejs), in form of a hexagonal block.

ACB pebbles consist of lithium orthosilicate (LOS, Li4SiO4) with
additions of lithium metatitanate (LMT, Li3TiO3) up to 35 mol%. The
material has been extensively investigated with the primary objective to
establish a well-controlled fabrication process, evaluate the material
properties and build up a reliable database of the material properties
[38]. A modified melt-based process for the pebble fabrication was
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established and advancements in the droplet generation process and
optimized process parameters resulted in higher process stability and a
yield of > 90 wt%. The possibility of reprocessing ACB and their
(simulated) re-enrichment with lithium was successfully studied
considering the accumulation of impurities and the perpetuation of
properties. During the CD Phase, an extensive process scale-up of the
pebble production is foreseen aiming at an increased production rate of
5-10 kg/d to secure the supply and cover any needs for breeder blanket
mock-ups and ITER TBMs. This larger facility will in principle also
demonstrate the transferability to industrial-scale production.

Concerning the material development, the addition of LMT to LOS
results in a superior chemical and thermal long-term stability and a
significant increase in the mechanical strength compared to the formerly
pursued pure silicate material, thereby reducing the risk of powder
formation and fragmentation. Further important properties of pebbles
and pebble beds including thermomechanical and physical properties as
well as compatibility issues were evaluated in dedicated experiments.
The available data was recently issued in a new Material Property
Handbook on Advanced Ceramic Breeders [39]. The experiments were
accompanied by modelling the thermal and mechanical properties of
pebble beds with the Discrete-Element-Method (DEM). It was found that
a deviation of the pebble shape from perfect sphericity has a strong
impact on the mechanical response of a pebble bed. A newly developed
thermal DEM code, which was calibrated with experimental results,
enables the simulation of the effective thermal conductivity of pebble
beds including the dependence on the gas pressure, in particular taking
the Smoluchowski effect into account [40]. Additionally, it is possible to
analyse the temperature profile generated by neutronic heating [41] as
shown in Fig. 6.

A decisive aspect for the tritium breeding materials is the availability
and procurement of °Li enriched raw materials. In the present HCPB
DEMO design, approximately 134 tons of 60% °Li enriched ACB pebbles
are required corresponding to about 160 tons of 60 % °Li enriched
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Fig. 6. Temperature distribution in the pebble bed at a helium purge gas
pressure of 2 bar predicted for a distance of 50 mm from the First Wall,
after [41].
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lithium hydroxide monohydrate needed for the melt-based production
of pebbles. A preliminary cost evaluation confirmed that the cost of the
pebbles will be by far dominated by the lithium isotope separation cost.
To ensure the availability of °Li it is high time to address the challenges
of a lithium enrichment route for DEMO (see also 3.2.1).

The project decision (see Section 2.1) to substitute Be with TiBe; in
2018 as reference material for the HCPB was the consequence of a re-
view of the results of tritium retention and analytical microstructural
studies of beryllium pebbles obtained within the framework of the
HIDOBE irradiation campaign; they show that a significant fraction of
generated tritium in Be (up to 100% for material exposed to tempera-
tures below 500 °C) is trapped within helium bubbles [42]. The total
accumulated tritium in the inventory (estimated in the order of kg for
DEMO) imposes severe safety issues and exceeds acceptable limits for
the DEMO blanket. In addition, the production of large quantities of
TiBe;o pebbles is a laborious and costly process. It has therefore been
proposed to use this material as a solid block. The usage of this advanced
material with lower volumetric swelling, lower tritium retention,
increased irradiation and chemical resistance as well as with higher
melting temperature facilitates the switch from the pebble bed concept
to a solid hexagonal block-based one.

The characterization of Beryllide has been in process for more than
20 years under different fabrication methods and manufacture shapes
(also for small pebble productions). For this recent application in hex-
agonal rods, a new characterization for their applicability in the HCPB
blanket of DEMO is required.

For the fabrication of titanium beryllide samples, vacuum hot
pressing of a Be-Ti powder mixture on industrial equipment available at
the Ulba Metallurgical Plant (UMP), Kazakhstan was explored and led to
the successful fabrication of three full-size blocks (&144 x 150 mm?)
from titanium beryllide with density reaching 98.8% of the theoretical
one demonstrating good replicability of this novel technology [43,44]
(see Fig. 7).

To cope with concerns of block cracking with unpredictable
increasing operational temperatures, the out-of-pile test started in the
PCD Phase. More than 200 accelerated thermal cycles representing
DEMO relevant ramp-ups and downs between 360 and 920 °C per-
formed at the UMP ensured mechanical and chemical resistance of
beryllide blocks with proper geometry [44]. Further real-size mock-up
tests present major progress in the development of advanced multipliers,
permitting a fast increase of the TRL for the complete HCPB
tritium-breeding blanket. This approach paves the way for the fabrica-
tion of a full-scale prototypical mock-up and its qualification and func-
tional testing under foreseen DEMO conditions for the HCPB blanket.

To qualify both functional materials for their next use in the ITER-
TBM irradiation campaign, a dedicated neutron irradiation experiment
is foreseen to be performed in the IVV-2M test reactor of the Institute of

Fig. 7. Hexagonal TiBe;5 block after final machining.
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Nuclear Materials (INM), Russian Federation. In this experiment, the
maximum displacement damage can reach 3 dpa (equivalent in steel)
that is the full irradiation level foreseen for the TBM.

For the ACB pebbles, it is essential to investigate the in-situ tritium
release and determine the tritium residence time. Extensive post-
irradiation examinations, planned at KIT, will analyse the develop-
ment of the microstructure, the porosity and the mechanical properties,
as well as compatibility issues and tritium release characteristics.

With these results, the material composition of ACB pebbles can be
conclusively determined. For the beryllium-based neutron multiplier
materials, the main objective is to characterize several productions of
Beryllium pebbles (still planned for the initial ITER TBM operation) and
beryllide specimens. These production methods are the extremely costly
1-mm beryllium pebbles produced by the rotating electrode method and
the alternative less expensive pebbles obtained by the fluoride reduction
method as by-products of beryllium extraction. The last ones need to be
tested in particular for their irradiation resistance. Although signifi-
cantly higher damage doses are expected for the DEMO BB and longer
irradiations are later indispensable, this short-time neutron irradiation
should be used for a fast screening of prospective beryllides (e.g. to
confirm the selection of the titanium beryllide as reference material.

3.2. Liquid breeder PbLi

The PbLi is used at the eutectic composition to minimize the melting
point (~235 °C); however, the composition, reported in the literature at
this moment, presents scattering data between 15.8 and 17% at Li.
Uncertainties in some other properties of the PbLi are known, which not
only highly affect the performances of the blanket but also the design of
the auxiliary systems. To fix design values, [45] collected all those
properties, giving reference values to be used by the designers.

The use of PbLi as breeder material entails several issues: the
chemical reactivity of PbLi with water and air; the control of impurities;
the corrosion of steel due to the interaction with the PbLi; the conse-
quent deposition of activated corrosion products; the tritium recovery
from the liquid metal and the impact of the magnetic field on the flowing
PbLi (magnetohydrodynamics phenomena). In addition, the production
of the alloy with adequate nuclear standards is a challenge that presently
is being studied, together with the enrichment in °Li. Dedicated exper-
imental programs are being conducted to solve or alleviate all these is-
sues, the main results will be presented in the next subsections.

3.2.1. PbLi production and characterization

The scaling-up of the PbLi production is fundamental for the reali-
zation of the WCLL BB, which needs around 10,400 t of the alloy. Most of
the proposed methods are known to be suitable only for laboratory or
semi-industrial scale, due to their low production rate (a few kg/y) and/
or to technological limitations that make an effective scaling-up diffi-
cult. At present, three important parameters for the correct production
of the eutectic alloy have been considered: the crucible material, the
temperature and the protective atmosphere. Other important parame-
ters are the geometry, the state of the starting materials (Pb and Li) and
the operating time, which should be short to limit oxidation and loss of
Li. Also, the PbLi chemical composition must be controlled and, in this
context, the requirements for the PbLi chemistry have been fixed within
the PCD Phase [46]:

One of the most critical impurities is Bi, which is usually present in
commercial Pb. The presence of 2°°Bi in the alloy causes the radioactive
210p production as a consequence of the Bi neutron activation. Even
though Bi is produced during the irradiation due to the activation of Pb,
the initial impurity content is crucial to reduce the level of this
contamination.

Another important issue of the production process is the lithium
enrichment, which is also the largest share of the cost for PbLi [47] as
well as for solid breeders [38]. The most popular separation method is
based on the isotope effect that arises during a chemical exchange of
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lithium between a lithium amalgam and an aqueous solution of lithium
compounds. Among several chemical exchange methods, the Oak Ridge
National Laboratory previously developed the COLEX (COLumn EX-
change) separation method. A study performed by Giegerich et al.
compared the available enrichment methods taking into account the
scalability, the complexity and the status of the knowledge on each
process [48]. The results of the study gave the highest rating to the
COLEX. However, COLEX’s main drawback is the high production of
mercury as waste. An improved COLEX could be a viable and sustainable
industrial method of lithium enrichment if these wastes could be
reduced. The Karlsruhe Institute of Technology has set up a laboratory to
optimize the exchange columns and the reflux sections, which are the
two most important parts of this process. As shown in [48], several years
of work are forecasted before being able to build a full-scale production
plant.

3.2.2. PbLi purification

This PbLi purification deals with the control of helium, activation
products and corrosion products generated during operation in the
reactor. Three systems of the WCLL TER are conceived to purify PbLi:
the Buffer Tank (for helium), the Activation Product Removal System
and the Cold Trap (for corrosion products).

When tritium is formed, 2 g of ®Li are burnt and 1.33 g of helium are
released. With the current data, the production of helium in the BB will
be above 500 g/day. Generated helium can remain solubilized in PbLi or
coalesce to form a gas bubble if the concentration becomes higher than
the solubility limit. The behaviour of helium mainly depends on PbLi
mass flow rate, temperature, and pressure. In the PCD Phase, the
nucleation of bubbles in the BB, firstly observed in the LIBRETTO ex-
periments [49,50], was confirmed by Kordac et al. [51], where the au-
thors demonstrated the importance of PbLi pressure and mass flow rate
for the helium formation rate. The authors estimated a production rate
of 10-40 ml/h for the WCLL BB, causing a reduction of the available PbLi
volume of about 3-12%/year if helium will not be removed. The current
approach for helium removal from PbLi takes advantage of the low
helium solubility in PbLi and it is based on the reduction of PbLi velocity
and pressure to lower the solubility limit, thus forcing helium to leave
PbLi. Released helium would then be discharged from a dedicated line.
Even though the main physical mechanisms leading to helium nucle-
ation and removal from PbLi have been described, the system to prac-
tically remove helium from PbLi has to be designed and tested under
different conditions and at different scales in the subsequent CD Phase.
With the typical WCLL BB mass flow rates an efficiency higher than 90%
has been estimated for a separator working at atmospheric pressure.

Under neutron irradiation, the composition of PbLi slowly changes in
time while different species form as a consequence of the transmutation
reactions caused by neutron irradiation. In the PCD Phase, the activation
products and, among them, the main contributors to the environmental
dose have been identified. The most harmful species identified are T,
2% and 20%Hg. A strategy to remove the activation products has been
developed and is based on the evaporation of the activation products
from PbLi, followed by filtration of the gas carrier. The activation
products are relatively volatile and, therefore, will be removed by
evaporation from the hot liquid PbLi. Similarly to what happens in the
case of helium removal, the main mechanisms of activation product
removal from PbLi have been analysed and understood. However, the
system to practically remove volatile activation products from PbLi has
to be designed and tested under different conditions in the CD Phase
before being able to use it in the WCLL TER.

Finally, ferritic/martensitic steels are attacked by PbLi through ho-
mogeneous dissolution, at a rate depending mainly on temperature, PbLi
velocity and impurity concentration [52]. Corrosion products are then
transported by PbLi throughout the TER and the BB and can form plugs
in cold points or near discontinuities. The current approach to PbLi
purification from corrosion products has been identified during the PCD
Phase and is based on the use of filtering devices, called cold traps. The
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principle of a cold trap is to cool down the breeder and thus decrease the
solubility of dissolved elements. When the concentration of a particular
element exceeds its solubility, it precipitates and can be separated using
the gravity force, centrifugal force or can be filtered out. Although the
purification principle is relatively simple, the design of a cold trap is not
trivial as reliable experimental data or empirical correlation are lacking
on the steel components solubility in PbLi (e.g. Cr and, especially, Fe)
and the kinetics governing the precipitation phenomena. In the CD
Phase, these uncertainties will have to be reduced, while experimentally
assessing the performances of the removal system.

3.2.3. Coating technology

The possibility to realize a coating on EUROFER at the PbLi interface
can mitigate several major risks and improve considerably the WCLL
performances. The issues are related to several different critical topics.
First of all, the corrosion of EUROFER under PbLi flow with interface
temperatures of 300-550 °C in the BB and PbLi pipes; dissolved (and
activated) corrosion products can be transported by the PbLi and can be
set down in the colder parts of the blanket box and/or of the PbLi loop
with blockage issues. The known issue in the fission of the LME (Liquid
Metal Embrittlement) has to be considered. In addition, coatings are
requested in the WCLL design with a tritium permeation reduction factor
of at least 200. This can be an effective barrier to decrease the perme-
ation of tritium from the breeder to cooling water, reducing the total
inventory of T in the cooling system (at the moment is estimated at
around 150 g) and the tritium released into the environment. The
coating can electrically insulate the pipes to the liquid metal, avoiding
large pressure drops in the flow due to MHD effects.

Three coating technologies based on o-Al;O3 were developed at
laboratory scale and a preliminary scale-up of the technologies were
performed, the present fabrication technologies are: PLD (Pulsed Laser
Deposition) process developed by IIT (Italian Institute of Technology),
ECX (Electrochemical) process developed by KIT, and ALD (Atomic
Layer Deposition) process developed by IIT.

Corrosion compatibility tests carried out on ECX, PLD and ALD
techniques have not shown corrosion attack in static PbLi at 550°C; the
results have shown good corrosion stability [53]. The experimental re-
sults obtained suggest the possibility to use the ECXcoating in the PbLi
loops pipes. Moreover, PLD coating has been demonstrated to be able to
reduce the tritium permeation flux at least 10,000 under electron irra-
diation combined with thermal cycles and more than 250 under neutron
irradiation. Within the FP8, samples coated by PLD and ECX were
irradiated with neutrons in the LVR-15 reactor. The samples were
exposed in the reactor to flowing PbLi in the temperature range
300-450 °C and irradiated by a neutron flux of 8.08e1012 n/(cm2s).
The tritium permeation flux was measured during the tests, while
metallographic and mechanical tests were carried out in the hot cell
after the end of the irradiation [54].

PLD coating, characterized in the temperature range between 20 and
550 °C works also as an electrical insulator. The main limitation of the
PLD process is intrinsic to the technique, it can only coat external sur-
faces. ALD technology is very promising in terms of capability to reduce
tritium permeation flux and the possibility to be applied on complex
geometry even at low temperature, however, further characterization is
required.

To complete the preliminary characterization of coating perfor-
mances, it is requested to analyze the corrosion resistance, permeability
and mechanical properties of coatings irradiated with neutrons at rele-
vant dpa for ITER TBM and DEMO BB.

In the CD Phase, the selected process (or processes) will be further
developed in view of scaling to real geometries and components and to
realizing and qualifying a demonstrator mock-up. The proposed pro-
gram will continue for the whole conceptual phase. Preliminary results
should be ready for the Blanket Selection, but the main results will be
expected only at the end of the CD Phase.
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3.2.4. PbLi/water interaction

A major safety issue of the WCLL breeding blanket is the interaction
between PbLi and water caused by a water tube rupture in the breeding
zone, the so-called “in-Box LOCA” (Loss of Coolant Accident) scenario.
This issue has been investigated during the PCD Phase defining a
strategy that has as the final objective to have a reliable and qualified
system code for deterministic safety analysis and representative separate
and integral test experimental data. This will permit the evaluation of
the accidental consequences and choosing possible mitigating counter-
measures, besides proposing design solutions to prevent damages to the
blanket box structures.

After the implementation of the PbLi/water chemical reaction model
in SIMMER codes, the validation activity has required to apply a stan-
dard code methodology [55] to experimental data, provided by the new
LIFUS5/Mod3 facility [56]. Two campaigns were executed, enlarging
the experimental database with reproducible and well-defined initial
and boundary conditions [57], suitable for the validation of the modi-
fied version of SIMMER III and IV codes for fusion application. In par-
allel, the methodology set-up during FP8, based on a three-step process,
was applied to the post-test analyses [58], comparing numerical results
against experimental data and pointing out differences and similarities
to analyse capabilities and deficiencies of the SIMMER codes. Moreover,
the experiments constituted also a useful database for supporting the
SIMMER/RELAP5 coupling calculation tool [59], which permitted to
perform preliminary analysis on WCLL TBM and its ancillary systems,
investigating the behaviour under an in-box LOCA postulated event [60,
61]. On the other hand, further investigation is required to overcome
issues, which are still open, such as the evaluation and the reliable
prediction of the WCLL in-box LOCA scenario at system level and the
availability of integral test facility data. In the CD Phase the new
designed LIFUS5/Mod4 Integral Test Facility (ITF) will be installed at
ENEA CR Brasimone representative of the WCLL TBM operative condi-
tions. The objective of the experimental campaign is to investigate the
phenomenology, the behavior and the response of WCLL TBM under
in-box LOCA at the system level. Moreover, the facility will be able to
reproduce and assess the effectiveness of the safety functions and pro-
cedures implemented in such a scenario. This involves continuing the
validation activity on the code coupling and the procedure for its
application together with the validation of SIMMER codes against ITF
experiments, implying the availability of a numerical tool with predic-
tive capabilities that will be employed in the design and safety analysis
activities of the WCLL BB of DEMO.

3.2.5. MHD code development and validation

The use of PbLi as a liquid breeder/coolant leads to strong magne-
tohydrodynamic (MHD) effects that need to be considered to assess the
performance of the blanket. The main issue is the increased pressure
drop compared to hydrodynamic flows caused by the electromagnetic
Lorentz forces opposing the flow. The latter is induced when the liquid
metal circulates in the strong plasma-confining magnetic field. More-
over, these forces affect the velocity distribution and often suppress
turbulence with serious implications on heat and mass transfer. For
reliable prediction of MHD phenomena under fusion-relevant condi-
tions, asymptotic analyses and numerical simulations validated by
complementary experimental campaigns are employed.

In recent years, experiments performed in the MEKKA laboratory at
KIT and numerical analyses were conducted to investigate fundamental
aspects of MHD flows and support the design of three liquid metal
blanket concepts (HCLL, DCLL and WCLL) in the PCD Phase. Studies
carried out included: flows in inclined rectangular ducts [62], the in-
fluence of contact resistance between fluid and wall, stability of laminar
MHD flows and transition to turbulence, flows in non-uniform magnetic
fields [63], and mixed convection heat transfer [64]. Specific analysis of
MHD flows for WCLL blankets include magneto convection in
WCLL-typical model geometries with internal obstacles (cooling pipes)
[65,66], in geometries used in experimental campaigns [67], and for
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manifolds in a prototypical WCLL-TBM (see e.g. Fig. 9) [68].

An important outcome of studies for a HCLL TBM is that only
properly designed manifolds will lead to a reasonably balanced flow
partitioning among breeder units (BUs). Similar results are expected as
well for future designs of PbLi manifolds in WCLL blankets. Likewise, the
first numerical simulations of a WCLL TBM show that the overall MHD
pressure drop is not really an issue but the initial design of the manifold
suffers from the same drawbacks as the one studied for a HCLL TBM
[68]. When the flow rate in the feeding channel decreases along the
poloidal path, the pressure gradient (slope in Fig. 8) decreases. In the
collecting part, the situation is reversed. Moreover, the electromagnetic
coupling at common electrically conducting walls even leads to local
flow reversals and pressure increase in neighbouring ducts where the
flow rates are small (near the end of the feeding channel or the begin-
ning of the collecting duct). Finally, it can be seen, that pressure heads
driving PbLi into external BUs, e.g. BU1 and BUS8 are much larger than
near the centre, e.g. BU4-BU6, a fact that will result in flow imbalance
among BUs. This will further be investigated in an upcoming mock-up
experiment foreseen in the FP9 campaign. A possible remedy to bal-
ance the breeder flow across all BUs consists in adjusting the
cross-sections of the feeding and collecting manifolds along the poloidal
direction.

Recent progress in numerical modelling of MHD flows and the
improved availability of high-performance computing allows simula-
tions of flows in blanket-typical geometries close to fusion relevant pa-
rameters. Such simulations are complementary to experimental
observations using scaled mock-ups as they provide insight into flow
phenomena that are not observable from measurements of pressure or
surface wall potential. For numerical simulations of PbLi flows in
geometrically complex blanket structures, it would be desirable to use
automatic grid generation. MHD peculiar issues such as very thin
boundary layers, thin internal layers, stiff coupling between hydrody-
namics and electrodynamics, and the tendency of perturbations to
spread along magnetic field lines require new strategies for automatic
grid generation that are lacking in tools dedicated to the simulation of
hydrodynamic flows. Research in the CD Phase is foreseen on the gen-
eration of MHD-adapted grids for complex blanket geometries.

To judge the overall performance of entire blanket systems, flow
details may be of minor importance in favour of a global view. For that
reason, the use of systems codes represents a promising option for future
development (see e.g. [69]). Finally, it should be mentioned that only a
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few MHD experiments using the breeder PbLi as liquid metal have been
performed in the past. In 2021 the MaPLE facility, initially constructed
and operated at UCLA (USA) and recently upgraded with EUROfusion
contribution has been transferred to KIT. This facility will be available
by 2022, as part of the CD Phase research program, for MHD experi-
ments on forced and mixed convection heat transfer.

3.3. Development of T extraction processes

3.3.1. The T extraction from the purge gas in HCPB

In view of the design development of the TER HCPB (see Section 2.1),
various processes with the potential for scale-up at the DEMO re-
quirements have been evaluated and selected in PCD Phase. In the early
stage of this evaluation, two extraction processes have been considered:
the extraction process based on trapping/adsorption and the one based
on membrane separation [70]. The present reference for the HCPB is
based on a well-established cryogenic industrial process (by Linde AG)
and works in batch modus switching the beds from absorption to
regeneration. The membrane technology was extensively investigated as
an attractive alternative based on a continuous process even if with
lower TRL. The Q20 and Q, separation based on membranes consist of a
zeolite membrane cascade combined with a catalytic membrane reactor
(PERMCAT). Following the experimental results, the selectivity of the
membrane was found to be mainly mass-dependent [71] and therefore
the separation between HT and He is impossible to be realized at the
requirements of DEMO.

After the confirmation of the trapping/adsorption technology, the
R&D shifted to explore the possibility to improve further the reference
technology. The R&D is presently concentrated on the enhancement of
the TER system in terms of energy consumption, reduction of the
parasitic tritium permeation to the Cooling system and equalising the
operational helium pressure between purge and cooling system over-
coming the present limitations of the “two chambers” blanket design.

To overcome the main drawback of the reference TER HCPB tech-
nology, meaning the tritium adsorption on molecular sieve at 77 K, the
alternative technology based on Getter Beds is under evaluation and
development. The most recent investigations have been carried out on
the Characterization of Non-Evaporable Getter (NEG) for NBI systems
developed at SAES Getters [72]. During these investigations, specific
experiments have been carried out to select a suitable getter elements

configuration, and to characterize their pumping/adsorption
Oy - -
wl'l 2 . |
‘ Collecting manifold N =S §
‘ BU2 \ — Feeding manifold Periodic v
- : fraction of = g
o = / manifolds 5 ™
-5000 = AP gy b |
& - ———_ R
p [Pa] BUS .y R § T
| W "Se— BU6 BU7 BUS v . -
T, x —
-10000
LT
| v ns.
-15000 +————1—"—7—— V— — > po ,
0 0.25 0.5 0.75 | 1.25 1.5

y (pol) [m]

Fig. 8. Pressure distribution along the poloidal direction of the feeding and collecting manifolds of a WCLL TBM.



L.V. Boccaccini et al.

performances according to the requirements of the final applications.
The main results of the experimental tests have led to the selection of
NEG in form of disks of ZAO alloy (ZAO - Ti Zr V Al). The NEG per-
formances are now under investigation at SAES and KIT in terms of
pumping performances and embrittlement limits for Hy and Dy. No
embrittlement due to hydrogen and deuterium adsorption/desorption
cycles is expected for loads below 1862 Pam®/kg (1000 cycles tested for
H, and 100 for D5) and Getter disks can withstand without embrittle-
ment single shot hydrogenation loads up to 1.33e-+4 Pam®/kg. Presently
the production of the selected disks is undergoing at the industrial level
aiming at upgrading the present laboratory-scale production capability.

One of the possibilities to mitigate the tritium permeation from the
purge gas in the cooling gas is to increase the HTO content in the purge
gas. Therefore, thorough investigations of the tritium recovery from the
RMSB system, through the isotopic exchange between the tritiated water
and a Hy/D; gas stream, have been carried out. The RMSB consists of
several sections and during the tritium recovery process, regeneration of
the RMSB, the water is desorbed and adsorbed on the following section
enhancing the isotopic exchange process [73]. One of the main param-
eters of the regeneration process, with impact on the DEMO Tritium
Plant where tritium is finally enriched, is the flow rate of the Hy/Dy
swamping stream. To minimize the flow rate of this stream, the impact
of operating temperature and its evolution over the full regeneration of
the RMSB has been investigated. As a general remark, as far as
swamping gas flow rate for isotopic exchange is concerned, it was
observed that the required flow rate is up to 7 Nm®/hforal0h isotopic
exchange period of time and respectively up to 3.5 Nm>/h for 20 h
isotopic exchange period of time. These values are conservative and are
based on an isotopic exchange between HTO and H; at 80 °C. The higher
temperature regeneration favours the isotopic exchange, due to the
lower value of the equilibrium constant which means that the concen-
trations in the vapour phase and the liquid phase are closer. Neverthe-
less, the impact of the regeneration temperature on the swamping gas
flow rate was found in the range of a maximum of 15% for the cases of
temperature variation between 600 and 800 °C [74];

3.3.2. The T extraction from PbLi in WCLL

As already mentioned in Section 2.2, two technologies are currently
under evaluation for the reference extraction process of T from PbLi,
namely PAV and GLC; a third one (LVC) is a possible backup solution
[75,76]. In the PAV a membrane separates PbLi from a vacuum; the
membrane is made with a tritium permeable material, such as vanadium
or niobium, thus allowing the diffusion of tritium from PbLi to vacuum
as a consequence of the concentration gradient. In the GLC a flow of
helium (or helium plus a small percentage of hydrogen to increase the
extraction efficiency) is put in direct contact with PbLi in
counter-current and tritium is removed by stripping. Packed columns
are used to provide a large interfacial surface between the PbLi and the
gas flow.

The PAV technology has several potential advantages over the GLC,
including ease to operate as PbLi simply flows into some channels (no
need to put two very different media in direct contact) and extraction
occurs by concentration gradient; in addition, the outlet from PAV is a
pure tritium flow and can be directly transferred to the tritium pro-
cessing plant. Instead, tritium extracted by GLCs is mixed with helium;
then, if protium is added to helium to enhance the tritium removal,
different hydrogen molecular forms (Hj, T2, HT) appear. Hence, the use
of PAV avoids a processing step, simplifies the system and reduces the
need for additional components, also minimizing the tritium residence
time in the system [77]. However, GLC columns are easier to be man-
ufactured, thanks to their widely used technology in many industrial
processes. The technology has already been tested in PbLi, proving to be
capable of extracting hydrogen isotopes from the alloy (but also con-
firming the many difficulties in operating a component where helium
and PbLi have to flow in counter-current). A further issue for PAV is the
large uncertainties in tritium transport parameters for the material used
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for the membrane [78].

Design and manufacturing of the first PAV mock-up with vanadium
membrane were performed at CIEMAT for testing in the CLIPPER facility
[79]. A different mock-up with niobium membrane is being designed
and manufactured at ENEA Brasimone Research Centre to be tested in
the TRIEX-II facility [80]. The results of the two manufacturing are
promising. One of the main concerns for PAV is that the welding of
vanadium and niobium is difficult due to oxidation tendencies, therefore
successful results of the tests would constitute a milestone for the
extraction technology. Aside from the other differences, a major
parameter to be considered to select the more convenient technology for
tritium extraction is the requirement for additional secondary systems.
The secondary side of a PAV is a vacuum system, where the biggest
challenge is the design of the vacuum pumps due to the high pumping
speed that PAV demands to maintain an 80% efficiency [81].

The alternative LVC process is still under assessment, where PbLi is
exposed directly to a vacuum without a permeation membrane. LVCs are
high-efficiency and promising methods to extract tritium from liquid
lead-lithium alloy. A possible configuration (investigated during the
PCD Phase [82]) is in the “Vacuum Sieve Tray” (VST); here, the
lead-lithium flows from an upper chamber to a bottom vacuumed one;
these chambers are separated by a tray equipped with nozzles of the
diameter of the order of the millimetre, which allows the alloy to form
an unstable liquid jet of droplets. The high efficiency is due to a
continuous evolution of droplets. Studies at Kyoto University [83] have
shown that during their fall, droplets undergo internal oscillations, and
pass from a prolate form to an oblate one, with a frequency of about 200
Hz for 1 mm diameter. These oscillations greatly amplify the mass
transport of hydrogen isotopes. The investigation of general principles of
LVC systems will be continued in the CD Phase with the possibility to test
the most promising ones.

As shown in this Section, a large R&D is ongoing in the CD Phase to
produce relevant information for the selection of reference technology
for the design of WCLL TER; a down selection is required to complete the
design of the WCLL systems.

3.4. Helium cooling technology

Even though the limiter/protection strategy adopted in the DEMO
design [84] aims to reduce the values of the heat flux peak at the stan-
dard blanket FW, the FW has to withstand stationary peak loads at least
up to ~1 MW/m?. Initial studies conducted in the PCD Phase [85] have
demonstrated the possibility to design helium-cooled first wall channels
under this requirement for the HCPB Blanket design with reasonable
pressure drops; this is possible adding heat transfer enhancing structures
(e.g. ribs in the mm range) at the internal channel surface below the
plasma-facing wall. Combined experimental and numerical works
allowed the selection of the most suitable geometry for ribs, namely
upstream pointing V ribs, which yield a very favourable ratio of removed
heat per invested pumping power (Thermal Performance Number). The
performance in terms of heat transfer augmentation is reported in [86].

For numerical simulations, scale resolving Computational Fluid Dy-
namic like Detached Eddy Simulations (DES) or Large Eddy Simulation
(LES) provided an appropriate approach, while Reynolds Averaged
Navier Stokes methods are significantly challenged by the complex rib-
induced flows. Design analyses are therefore supported by experimental
correlations for heat transfer and friction factor data.

Monolithic rib structured FW channels made of EUROFER were
already fabricated with realistic lengths of 775 mm by the sink erosion.
In the case of a FW fabricated in sandwich technology, the addition of
ribs can be done by conventional machining in the accessible half-
channels and is already practised for a FW prototypical mock-up in
the CD Phase. In the CD Phase, the work will concentrate on the
manufacturing and test of a first wall prototype in the HELOKA high-
pressure helium loop to confirm the design previsions [87].

On the other side, the pin concept (see Section 2.1) has greatly
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reduced the pressure drop in the HCPB decreasing consequently the
coolant velocity. The decrease in the helium velocity caused a reduction
in the heat transfer coefficient. Increased surface roughness’s are
therefore proposed as a heat transfer augmentation technique for the
pins. Therefore, DEMO relevant dedicated experimental campaigns are
foreseen at the 8 MPa pressure high-temperature Helium Loop Karlsruhe
(HELOKA) in KIT as validation and proof-of-concept test rigs for this pin
design [88]. The engineering design and the manufacturing has been
completed; the experimental campaign should be concluded in the early
stages of the CD Phase.

3.5. Water cooling technology

The identification and optimization of the water coolant chemistry of
the BB circuit was one important objective of the pre-conceptual phase
design for DEMO. In the WPBB programme, this topic was intensively
studied to understand the major differences from standard fission plants
and to identify the specific requirements in a fusion environment [89].

In fact, distinctive elements like the presence of EUROFER, hard
neutronic spectrum (14 MeV), high level of radiolysis, strong magnetic
fields, and T presence in the cooling water challenge a fission-oriented
solution. The recent outcomes from the fission industry highlighted:
(a) the move towards using KOH instead of LiOH as an alkalising agent,
(b) the progress made towards establishing the critical hydrogen con-
centration for suppression of water radiolysis products in fission reactor
coolant circuits, (c) the advancements in the application of noble metal
chemical addition for enhanced SCC mitigation, (d) the recent experi-
ence in the use of zinc injection in the hot functional testing phase for
AP1000 and EPR reactors, and (e) the move towards online chemistry
monitoring, analysis and trending systems.

Several studies were done in the PCD Phase. A preliminary estima-
tion of the effect of the magnetic field on corrosion has been performed.
Besides, the conditions employed were significantly different from those
of the WCLL BB, this work has provided evidence of an influence of
magnetic fields on EUROFER corrosion, suggesting that the occurrence
of pitting may increase under certain field orientations. A flow cell is
now being commissioned to work within a flow loop apparatus which
will allow exposure of EUROFER to high-temperature water whilst in the
high magnetic field.

The possible scenario in terms of Activated Corrosion Products (ACP)
inventory, produced in the WCLL BB system under specific DEMO plant
conditions, was formulated thanks to the support of the PACTITER code
[90]. Corrosion tests were performed in parallel on EUROFER-97 and
AISI316L to validate the ACP codes and to optimize the water chemistry
for obtaining low corrosiveness, low impact in terms of ACP production,
low neutronic consumption, simple chemistry control and suppression
of radiolysis. From these studies, preliminary indications of optimized
water chemistry were obtained. EUROFER-97 and AISI316L pipes
showed a relative low corrosion rate, considering water solutions with
different buffers (e.g. 1-11 ppm of LiOH, 500-750 ppm of NH3). Based
on the present experimental results, it can be assumed that the water
chemistry to be used for the design of WCLL should have the following
characteristics: pH between 6.8 and 7.4, dissolved oxygen (< 10 ppb),
conductivity (make-up water <0.1 uS cm-1 at 25 °C) and anion impu-
rities as low as possible (each less than 25 ppb, combined less than 50
ppb).

Regarding the methods of radiolysis suppression, no specific exper-
imental activities have been carried out. However, from literature
studies, it was concluded that a hydrogen content not higher than 0.5 cc/
kg guarantee the suppression of the phenomena of radiolysis [91].

In the framework of WPBB. a radiolysis model has been developed
based on an existing water radiolysis code implemented within the
FACSIMILE software package. It calculates the concentrations of
oxidizing radiolysis products around the WCLL cooling circuit in the
DEMO reactor, implementing data from the most recently available
designs and assessments. This shows that micro-molar concentrations of
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0O, and Hy05 can be produced in the breeder zone cooling pipes, though
these fall by at least three orders of magnitude in the remainder of the
circuit. The concentrations are significantly reduced by the addition of
greater than 30 ppb Ha.

The selection of the suitable buffer is of course an interface issue
between BB, BOP and TFV systems. From the side of WPBB, a pre-
liminary recommendation of the buffer is oriented to LiOH and KOH.
However, a final selection is still open due to the potential drawbacks of
these solutions and should be completed by the end of 2023.

3.6. Blanket manufacturing

Several activities have been performed in the development of
manufacturing technologies for the DEMO BB and in particular for the
TBM in ITER that is already in a preliminary engineering phase; details
can be found in reference [92].

In the PCD Phase, several technologies aiming at manufacturing sub-
components including the presence of cooling channels such as the first
wall, cooling plate, stiffening plate and side cap have been evaluated.
They are based on machining (Electrical Discharge Machining), forming
(bending), welding (Electron Beam Welding, Gas Tungsten Arc Welding
(GTAW), Hot Isostatic Pressing (HIP) and Laser Beam Welding (LBW))
and additive manufacturing (e.g. Laser Power Bed Fusion) methods.

The proposed technologies will have to take into account during the
next studies the actual size and associated constraints such as the tol-
erances achievable during the machining phases. Manufacturing tech-
nologies and associated preliminary procedures are developed and
defined for the assembly by welding of these sub-components. Their
assemblies with GTAW, EBW, LBW and HIP processes features several
challenges. Numerous welds are needed to assembly the sub-
components in the box. Cooling channels are embedded in the plates
at ~5 mm from the welded joint. Damage or deformation of the cooling
channels shall be avoided.

For the WCLL concept, a key task was the manufacturing of DWT (see
Section 2.2); the use of this technology in the design has been engaged to
reduce the probability of water leakage in the PbLi increasing the reli-
ability of the concept. DWTs consist of two concentric EUROFER-97
tubes joined by a layer that has the function of mechanically sepa-
rating the two steel tubes achieving at the same time a correct thermal
conductivity. The two tubes are designed as redundant barriers
regarding leakage of water inside the PbLi.

Design and industrial assessment of DWTs manufacturing sequence
are performed on grade 91 steel tubes. Recent manufacturing delivered
T91 DWTs including a pure iron layer at the interface between the inner
and outer tubes joined together by diffusion bonding. The welded
junction between the BP and the DWT has been assessed with different
processes (see Fig. 9). The non-destructive controllability is also an issue
that should be studied because the ability to control the three welds is
not acquired. The next activities will consist of finalizing the design of
this junction from a mechanical strength point of view and consolidating
the welding procedure specification developed today. Investigations
into the cost of manufacturing technologies have been initiated on full-
size components and highlight the need mainly to reduce the price of
EUROFER and to converge towards manufacturing techniques that
consume less EUROFER.

For the joint technologies significant efforts to minimize the ther-
momechanical distortion have been made; the objective is to minimize
the thermomechanical distortions during welding assembly of large
components with the help of numerical simulations. We applied this
approach to GTAW and laser welding processes. The numerical simu-
lation aims at giving recommendations on the best welding sequence.
Numerical welding simulation of large industrial components remains a
challenge because the local scale of the welding process and the global
scale of the component distortion are fully coupled, leading to very large
numerical problems.

Based on the collaboration with industrial experts, manufacturing
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Fig. 9. Welding junction between DWT and BP.

routes for HCLL and WCLL were evaluated and defined including the
phases of machining, welding, heat treatment, non-destructive test and
mounting scenarios for the manufacturing of very large components
such as the breeding module and the back supporting structure
component, a total developed length of 16m for the outboard. This first
analysis on the technologies and methodologies implemented and the
identification of their limits on large components constitute a database
that will have to be updated according to the evolution of the design and
can be transferred to the other components. The development of these
matrices is an important point for the next phase of study since it will
facilitate interaction with the designer to integrate the constraints linked
to manufacturing and have a global vision on the manufacturing of
components to be produced.

Apart from the more conventional fabrication technologies,
advanced manufacturing routes have been investigated as well, moti-
vated by cost-reduction intentions and the demanding functional re-
quirements (dimensions, complex 3D-shape of First Wall, reduction of
welds and Heat Transfer Enhancement structures inside of the chan-
nels). It has been identified in [93] that Additive Manufacturing (AM)
provides goal-oriented solution options.

Laser Power Bed Fusion (LPBF) has been investigated where prom-
ising material properties could be demonstrated for EUROFER compo-
nents [94,95]. The process configuration was demonstrated as suitable
for thin-walled high complex Breeding Blanket internal components.
The option to produce hybrid components (LPBF + conventionally
fabricated segments assembled by welding) [96] has been demonstrated
to overcome size limits in powder bed based Additive Manufacturing.

The Direct Energy Deposition AM process of Cold Spray (CS) was
addressed in combination with well-established processes, e.g. cold
forming, machining, welding and HIP. A dedicated process chain has
been created and TRL 3 (proof of concept) has been demonstrated at the
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end of the PCD Phase in a small-scale planar demonstration part with a
First Wall relevant cooling channel configuration adapted for the HCPB
blanket (see Fig. 10). The manufacturing sequence aims at the minimi-
zation of fusion welds and enables the realization of a very low pro-
portion of AM-deposited material in the final product. The CS deposited
layer only serves during production as support for a HIP step to join the
conventionally fabricated external and internal shells where the HIP
joint finally provides the load-carrying structure in the component [95].
Future work in the CD Phase is envisaged for increasing the TRL level
steadily and to upscale towards First Wall relevant sizes and geometries
taking into account the integral production scope and equipment (e.g.
procurement options of full-scale semi-finished sells, industrial equip-
ment such as HIP facilities or forming press machinery, etc.).

For the protection of the first wall (FW) against the plasma, it is
envisaged to use W-coatings, due to the materials advantageous ther-
mophysical properties and low sputtering yield. W has, however, a
significantly smaller coefficient of thermal expansion (CTE) of 4.4 x 10
6 1/K compared to the substrate material, a reduced activation ferritic
martensitic (RAFM) steel like EUROFER, with a CTE of about 12.5 x 10
51/K. When joining these two materials directly together, this difference
in CTE will lead to thermal stresses and thus to failure of the joint.
Implementing a functionally graded (FG)-layer in-between the substrate
and the coating, on the other hand, compensates for this difference [97].
In the PCD Phase the manufacturing technology based on vacuum
plasma spraying (VPS) was selected; this process is suitable to coat large
areas, e.g. 2 m? of future FW, and with the desired coating thickness of 2
mm with reasonable effort, compared to for instance magnetron sput-
tering, sintering or electrodeposition. Several mock-ups with a coating
area up to 270 x 65 mm were produced and successfully tested under
thermal fatigue cycles (up to 1000 cycles) between 350 and 500 °C and
heat fluxes up to 0.7 MW,/m? in the HELOKA facility [98]. For the CD
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Fig. 10. Proof of concept demonstrator for Cold Spray based production sequence.

Phase, it is foreseen to transfer the coating process on the industrial
level, to achieve a reproducible production on large components and in
reasonable production times. The industrially produced layer systems
will also be examined in terms of microstructural and thermomechanical
properties, for better understanding and prediction of the layer system
behaviour.

For the breeding module, a detailed analysis has been namely carried
out on the assembly of subcomponents and it is reported in [99]. A list of
all weld joints has been drawn up and a classification with regard to RCC
MRx code has been proposed. The development of technologies and
specific manufacturing procedure have to be associated with a dedicated
contribution to the writing of manufacturing sections of the next code
for DEMO.

Presently the Codes and Standards intended to be applied for
Breeding Blankets do not include AM and the experiments are performed
on prototypic level. The implementation of such new technologies is a
challenge requiring to address the integral production chain: in case of
AM with deposition of metal powder the integral powder production
history shall be considered. The parameters applied for generation of the
parts and all thermal post treatments (e.g. Hot Isostatic Pressing) need to
be precisely specified and reproducibility demonstrated. However,
presently a major issue remains the quantification of material properties
and comparison to conventionally fabricated products. Promising
properties have been already demonstrated in terms of tensile-, Charpy-
macro- and microstructure-tests. But the qualification of the long-term
and high temperature behavior of the material (creep and fatigue) is
still in the initial phase. Especially potential degradation under irradi-
ation as in a fusion in-vessel environment shall be addressed before the
potential in terms of realization of complex geometries with internal
channel structures can be exploited.

4. Conclusions

In the PCD Phase, two blanket designs have been completed and
proposed for the two candidate driver blankets for DEMO. Both designs
offer a possible solution for the DEMO blanket, but both still have issues
that need to be addressed. The HCPB design shows excellent neutronic
performance characteristics and a reliable tritium extraction system
thanks to advanced breeder materials, but the design is laborious and
costly, with the use of materials like beryllium and helium and with a
cooling technology that still has to prove the appropriate TRL. The WCLL
offers a concept based on a proven water cooling technology and the key
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material, PbLi, is largely available. Nevertheless, several issues are still
present in the PbLi related technologies including no selected tritium
extraction technology and no conclusive experimental data required
before proceeding to a reliable design of the TER. Also, the chemical
composition of cooling water that accounts for the fusion conditions is
still to be completed before important systems like the CVCS or the
Coolant Purification System can be designed.

In the first part of the CD Phase, the selection of the driver blanket
will be achieved. To reach this goal the design of the two concurrent
blanket system options should be completed; technologies should be
selected, performance assessed and the plant integration investigated. At
the same time, it will be assessed the possibility to use of the DEMO plant
for testing advanced blankets (see [100] for this strategy); in this case
the not-selected driver blanket or a more advanced blanket concept as
described in Section 2.3 could be chosen for these test campaigns.

In Section 3 the development of the critical technologies has been
presented and the programme for the CDP illustrated. The R&D was
conducted in the PCD to address the aforementioned critical issues and
other risks identified. The two concepts will then be evaluated and a
down-selection made for the DEMO plant. In the second part of the CD
Phase, the complete DEMO plant conceptual design with the selected BB
will be completed and qualified before proceeding to the Engineering
Design Phase.
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