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Kurzfassung

Die Gewinnung elektrischer Energie mittels magnetisch eingeschlossener Fusion stellt eine
noch unerschlossene Quelle dar, dessen Verwirklichung derzeit weltweit vorangetrieben wird.
Diese Arbeit beschreibt einen essenziellen Bestandteil der Infrastruktur eines solchen
Kraftwerkes in einer umfassenden Simulation: den Brennstoffkreislauf.

Dabei handelt es sich um eine komplexe chemische Anlage, die im Wesentlichen die
Wasserstoffisotope Deuterium und Tritium als Edukte zur Fusion bereitstellt. Um die
Konzentration des Fusionsprodukts Helium im Reaktor zu begrenzen, ist der Durchsatz des
Brennstoffgemischs wesentlich hoher als die Reaktionrate der Fusion selbst. Infolgedessen stellt
unverbrannter Wasserstoff den Uberwiegenden Teil der Prozessgases am Reaktorausgang dar.

Der Brennstoffkreislauf muss sicherstellen, dass dieser Wasserstoff mit hoher Effizienz aus
dem Abgasstrom zuriickgewonnen und wiederverwertet werden kann. Dafiir muss das Prozessgas
erst mittels Vakuumpumpen aus dem Reaktor gesaugt werden. AnschlieRend wird der
Wasserstoff tiber verschiedene Trennprozesse aus dem Abgasgemisch gefiltert. Schliellich wird
das Wasserstoffgemisch dem Reaktor wieder zugefihrt.

Im Detail werden in dieser Arbeit zuerst die Funktion und der Aufbau des Inneren
Brennstoffkreislaufes fiir das Demonstrationskraftwerk DEMO aus dessen Randbedingungen
hergeleitet. Danach werden die relevanten physikalischen Zusammenhéange der verwendeten
Technologien beschrieben und als eigenstandige Modelle in das Simulationsprogramm integriert.
Besonderer Fokus liegt dabei auf den physikalischen Wechselwirkungen von Wasserstoff mit sich
selbst, Flussigkeiten wie Wasser sowie verschiedenen Metallen, die die Grundlage der
verwendeten Trennprozesse bilden.

Zur Einbindung aller Subsysteme bildet das Simulationsprogramm den kompletten
Kreislauf transient in der kommerziellen Software ASPEN® Custom Modeler ab. So kénnen das
Verhalten am Betriebspunkt, wahrend des Anfahrprozesses und fiir verdnderliche
Randbedingungen abgebildet werden.

Insbesondere die Verwendung von Tritium beeinflusst das Design des
Brennstoffkreislaufes. Das Inventar dieses seltenen und radioaktiven Isotopes ist auf ein
Mindestmal zu beschrénken. Gleichzeitig darf nur ein Bruchteil des Tritiums in die Atmosphére
entweichen. Entsprechend hohe Anforderungen werden an die einzelnen Elemente des
Kreislaufes gestellt.

Anhand eines reprasentativen Referenzpunktes wird eine Optimierung des
Brennstoffkreislaufs nach seinen Hauptdesignkriterien durchgefuihrt. Aus der Betrachtung des
Gesamtsystems ergibt sich dabei ein geschétzter Tritiumverlustterm in Hohe von 1.6 g pro Jahr,
der im Verhaltnis zu einem operativen Tritiuminventar von 6.3 kg steht. Die einzelnen Beitrédge
zu dem Gesamtinventar werden hergeleitet und sind zum groRen Teil in fliissiger Form oder in
Feststoffbetten vorzufinden.

Mithilfe von Massenbilanzen wird, unter Beriicksichtigung der Verlustterme, der Einfluss
jedes Teilsystems auf den Referenzpunkt diskutiert. In einer Parameterstudie werden dann die
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wichtigsten  Randbedingungen des Brennstoffkreislaufs variiert und entsprechende
Anpassungsmoglichkeiten des Systems beschrieben.

Das Ergebnis dieser Arbeit ist ein umfassendes, modular aufgebautes und fundiertes
Werkzeug zur Optimierung zukinftiger Brennstoffkreislaufe.
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Abstract

The production of electrical energy by means of magnetically confined fusion represents a
yet unexploited source, the realisation of which is currently under development around the world.
This work describes an essential component of the infrastructure of such a power plant in a
comprehensive simulation: the fusion fuel cycle.

It represents a complex chemical plant tasked to provide the hydrogen isotopes deuterium
and tritium as educts to the fusion reaction. To limit the concentration of the fusion product helium
in the reactor, the throughput of the fuel mixture is maintained at a much higher rate than the rate
of the fusion reaction itself. As a result, unburned hydrogen represents the predominant fraction
of the reactor exhaust gas.

The fuel cycle must ensure that this hydrogen can be recovered and resupplied with high
efficiency from the exhaust gas stream. To do this, the process gas must first be evacuated from
the reactor environment with continuous vacuum pumps. Then the hydrogen is removed from the
exhaust gas mixture using various separation processes. Finally, the hydrogen mixture is fed back
into the reactor.

In detail, the function and structure of the Inner Fuel Cycle for the first-of-its-kind fusion
reactor “DEMO* are first derived from its boundary conditions. Then every technology is
described by its relevant physics from the literature and integrated into the simulation programme
as a stand-alone model. Particular focus is placed on the hydrogen chemistry underlying the
different separation processes. Especially, the incorporation of tritium and tritiated species
influences the design of the fuel cycle. This rare and radioactive isotope significantly limits the
choice of technology and its emissions must be kept to an absolute minimum.

In order to integrate all subsystems, the fuel cycle simulator maps the complete cycle
transiently within the commercial software ASPEN® Custom Modeler. In this way, the behaviour
in steady state operation, during start-up and for mutable boundary conditions can be modelled.

On the basis of a representative reference point, an optimisation of the fuel cycle is carried
out according to its main design criteria: (i) tritium self-sufficiency (ii) stable fuel composition
and (iii) tritium retention and inventory. Consideration of the overall system results in an
estimated tritium loss term of 1.6 g per year, which relates to an operational tritium inventory of
6.3 kg. Tritium losses in this context denote all loss terms to outside the confinement of the fuel
cycle. The individual contributions to the total inventory are derived and are largely found in
liquid form or bound in absorption beds.

Using mass balances, the influence of each subsystem on the performance at the reference
point is discussed. In a parameter study, the most important boundary conditions of the fuel cycle
are varied, and corresponding adaptation strategies are described.

In summary, the result of this work is a comprehensive, modular and well-founded tool to
help optimize future fuel cycles.
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List of Symbols and Abbreviations

Latin symbols

Name Description Unit Liow' Ly,
A Area (m?) 0 10%
Av Availability (s/s) Parameter

c Concentration (mol/m?) 0 106
Cqo/M Hydrogen to metal ratio (mol/mol) 0 10°
[ Specific heat capacity (J/(mol - K)) 0 106
C Constant as indicated Parameter

d Diameter (m) 0 10°
D Diffusivity (m?/s) 0 10%
dt Time derivative or step (s) 1010 3600
E Energy 4D} 0 102
Ey Activation energy (J/mol) Parameter

f Frequency (1/s) 0 10%
F Molar flow (Pa-m?/s)i -10%0 10%
I Molar inventory (mol) 0 10%
j Permeation Flux (Pa-m3/(m?-s)) -10%° 10%
Ji Permeation flow (mol/s) 0 10%
h Specific molar enthalpy (J/mol) 0 102
H Enthalpy M 0 10%
K Equilibrium constant (mol/mol) 0 10%
Ks Sieverts’ constant (mol/(m® - VPa)) 0 10%
Kn Knudsen number (m/m) 0 102
! Length (m) 0 10°
L. Characteristic length (m) Parameter

M Molar mass (kg/mol) Parameter

N Amount or quantity =) 0 10%
p Pressure (Pa) 0 10%
P Power (W) 0 10%
Pe Permeability (mol/(m - s - VPa)) 0 10%
Q Pumping throughput (Pa-m3/s) 0 102
s Thickness (m) Parameter

S Pumping Speed (m3/s) 0 102
t Time (s) 0 102°
T Temperature (K) 0 10%
v Velocity (m/s) 0 10%
|4 Volume (m?) 0 10%
X Solid phase molar fraction (mol/mol) 0 1
y Gaseous phase molar fraction  (mol/mol) 0 1
z Liquid phase molar fraction (mol/mol) 0 1

" Liow and Ly, refer to the lower and upper variable boundary applied in the simulation (cf. Section 4.2).

' The units Pa - m3/s and mol/s are used interchangeably in this work. The conversion factor is:

1mol/s =

227111

J'mo

1-1

Pa - m3/s and refers to the standard temperature (Tsrp = 273.15 K).
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Greek symbols

Name Description Unit

a Bypass fraction (mol/mol)
B Tritium burnup fraction (g/g)

A Difference as indicated
€ Termination criterion (-)

0 Decay constant (1/s)

n Efficiency (mol/mol)
9 Substitution parameter (=)

A Feed ratio (mol/mol)
K Split fraction (mol/mol)
A Mean free path (m)

u Dynamic viscosity (Pa-s)

T Residence or dwell time (s)

X Probability (-)

Frequently used indices

Name Description

Mot at the bottom

mp of Deuterium (2H)

Mg of the gas phase

Ny of Protium (1H)

m, of any hydrogen' isotope H, D or T

mg, of any hydrogen isotopologue Hz, D2, T2, HD, HT, DT
Mg of the liquid phase

m, of the derivative in a one-dimensional spatial discretization
Bpy of the element palladium

mgpp  Of the value assumed in the Reference Design Point of DEMO
L of Tritium (3H)

Biop at the top

my of the element vanadium

Myap  of the vapour phase

Frequently used constants

Name Description Value Unit

ky, Boltzmann constant 1.3807-10723 (J/K)

Ny Avogadro constant 6.0221- 1023 (1/mol)

R Universal gas constant 8.3145 (J/(mol - K))
o Pi 3.14159 (=)

exp(m) Euler’s number 2.7182818" (-)

i Tn contrast to colloquial use, the word “hydrogen” is consistently used in this work as a collective term
for all hydrogen isotopologues and not exclusively to refer to its most common isotope protium (1H).
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Abbreviations

Abbreviation

Description

Short explanation

ACM Aspen Custom Modeler software used in this work
ALARA As Low As Reasonably Achievable a nuclear safety principle
AUG Asdex UpGrade a tokamak experiment

BB Breeding Blanket produces tritium

CD Cryogenic Distillation a separation process
CECE Combined Electrolysis and Catalytic Exchange a separation process

CPS Coolant Purification System a boundary condition
DEMO DEMOnstration Power Plant a future fusion power plant
DIRL Direct Internal Recycling Loop a fuel cycle loop

DSMC Direct Simulation Monte Carlo a calculation method

DTT Divertor Test Tokamak a tokamak experiment
EDS Exhaust Detritiation System a fuel cycle system block
ELM Edge Localized Mode a plasma instability

EQ Equilibrator a fuel cycle subsystem
EPS Exhaust Processing System a fuel cycle system block
GDCM Gas Distribution Control and Metering a fuel cycle system block
GPS Gas Puffing System a fuel injection technology
HCPB Helium Cooled Pebble Bed a Breeding Blanket concept
INTL Inner Tritium Loop a fuel cycle loop

IRPR Isotope Rebalancing and Protium Removal a fuel cycle system block
ITER Intern. Thermonuclear Experimental Reactor a future fusion experiment
ISS Isotope Separation System a fuel cycle system block
JET Joint European Torus a tokamak experiment
LDP Linear Diffusion Pump a high vacuum pump
LPCE Liquid Phase Catalytic Exchange a water detritiation process
LRP Liguid Ring Pump a vacuum backing pump
MAST Mega Ampere Spherical Tokamak a tokamak experiment
MFP Metal Foil Pump a separation process
MHFS Magnetic High Field Side a specific plasma region
MIS Matter Injection System a fuel cycle system block
MIV Matter Injection Vacuum a gas recuperation system
MSB Molecular Sieve Beds a separation technology
NBI Neutral Beam Injector a plasma heating system
PEG Plasma Enhancement Gases non-hydrogen gases used
PLS Pellet Launching System a fuel injection subsystem
OUTL Outer Tritium Loop a fuel cycle loop

RDP Reference Design Point fuel cycle reference case
TBR Tritium Breeding Ratio a fusion plant parameter
TCAP Thermal Cycling Absorption Process isotope separation process
TCV Tokamak a Configuration Variable a tokamak experiment
TERS Tritium Extraction and Removal System a boundary condition

TSA Temperature Swing Absorption isotope separation process
WCLL Water Cooled Lithium Lead a Breeding Blanket concept
WDS Water Detritiation System a fuel cycle system block
WS Wet Scrubber a water detritiation process
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1. Introduction

1 Introduction

The increasing demand for energy around the globe calls for the search for new, exploitable
sources of electric energy. Fusion represents a potential solution and simultaneously a particularly
challenging endeavour to realize. Inspired by the sun, humankind progressively strives to tame
the reaction that continues to burn in the star’s core for billions of years. However, to encapsulate
a star with the purpose to harness its energy, an elaborated machine is required with a multitude
of auxiliary systems supporting it. One essential component of such a power plant is given by the
fuel cycle, which manages the supply and handling of gaseous reactants.

Fundamentally, the fuel cycle is a complex chemical plant, which processes the fusion fuel:
a mixture of deuterium and tritium. These hydrogen isotopes fuse in the reactor under formation
of helium and release of thermal energy. To limit the concentration of helium in the reactor, the
hydrogen fuel rate exceeds the rate of the fusion reaction. Consequently, only a fraction of the
fuel conducts the fusion reaction before being pumped away and the requirement of a closed
recycling concept arises.

To efficiently reuse the unburned fuel, several successive tasks have to be covered by the
fuel cycle. First, the exhausted gas is to be continuously removed from the fusion reactor.
Thereafter, the exhaust must be separated into a reusable fuel component on the one hand and a
waste component to be removed from the cycle on the other hand. Finally, the former is reinjected
into the fusion device. Figure 1.1 sketches the general layout of such a closed fuel cycle.

Specifically, the present dissertation describes the fuel cycle within the framework of the
demonstration fusion power plant DEMO. The plant is currently under design and supposed to
bridge the gap between the present experimental state of fusion and the application in commercial
use in the future. The procedure delineated in this work is applicable as a blueprint for upcoming
fuel cycles. Many technological challenges remain to be overcome to realise this ambitious
project and efficient fuel management is one of them.

In this context, tritium shapes the design of fuel cycle elements to suit its needs. This rare
and radioactive species puts a strong emphasis on safe containment and high process efficiency.
Only a minuscule portion of the tritium in circulation may escape the confinement of the fuel

cycle.
TN
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Figure 1.1:  Sketch of a closed fuel cycle concept for the continuous recycling of hydrogen fuel of a fusion reactor. Only a
minuscule fraction of the overall throughput is emitted from the fuel cycle. This exhaust is denoted by a red arrow.




1.1 Approach and Objective of Work

To assess the efficiency of the recycling process as a whole, the interplay of all involved
components must be considered. Hence, the task of this work consists of the representation of all
main functions of a fusion fuel cycle in a self-consistent model, the evaluation of their interaction
as well as quantification of key performance criteria.

Given this system, the requirements of the individual fuel cycle components can be derived from
its interplay in an overarching structure. All relevant boundary conditions including the pulsed
operation of a fusion reactor must be incorporated into the assessment. The fuel cycle architecture
and the choice of technologies must reflect these boundary conditions. All of these constitute the
objective of this work.

Specifically, this work focuses on the aspect of tritium handling. On the one hand, the
release of tritium is to be minimized to satisfy the safety requirements. On the other hand, the
overall tritium inventory is also to be kept minimal to account for its scarcity and decay. The
physical correlations must be modelled to a degree to evaluate achievable performance and the
associated tritium inventory of a given functionality.

In order to carry out the optimisation, the DEMO fuel cycle is reproduced in its entirety in
a simulation program on the ASPEN® Custom Modeler platform. This commercial software
incorporates the capability of processing self-written models in a transient environment. In total
over thirty individual model blocks are brought together into a complex fuel cycle architecture
handling over fifteen different species, each expected to occur in relevant quantities.

The functionality of every subsystem is described as a self-contained model and connected
to other parts of the fuel cycle via streams. The physical processes in each entity are self-coded
and shaped in a way to draw meaningful conclusions about the performance, scale and parameter
dependencies of the system in isolation or embedded into the fuel cycle. Quantification of the fuel
cycle is achieved by establishing a representative Reference Design Point applicable for the
current design of DEMO. Any deviations from this reference case are covered by a subsequent
exploration of the parameter space.

This work pioneers towards building a holistic physics-based simulator, a pivotal tool used
to shape the layout and optimize future iterations of fusion fuel cycles.

1.2 Structure of Work

This work is divided into nine chapters, intended to partition the content into a conclusive
chain of thought:

(1) This first chapter establishes the motivation, objective and structure of the work.

(2) In the second chapter, the task and layout of the fuel cycle is derived from the
requirements of fusion reactors in general as well as in the specific case of DEMO.

(3) The third chapter elaborates on the main hydrogen chemistry as well as plant operational
aspects that further shape the design of the fuel cycle.

(4) The fourth chapter covers the setup of the fuel cycle modelling framework.



1. Introduction

The next three chapters deal with the fuel cycle plant, which is subdivided into three consecutive
loops, each tasked with a specific aspect of fuel cycle treatment and mirrored with a dedicated
chapter (5), (6) and (7). A loop contains a variety of process engineering steps depicted as system
blocks, which represent a particular functionality. In turn, each system block is composed of
several subsystems as depicted in Figure 1.2. In this work, each system block is described using
the same procedure.

(a) First, the requirements for the system block and its boundary conditions are described. In
addition, the layout of the system block as well as the technology choices implemented
are outlined.

(b) Then, the functionality of all subsystem technologies is elaborated in detail in conjunction
with their mathematical implementation into the fuel cycle model.

(c) Lastly, the expected performance of a system block is presented and conclusions are
drawn concerning scale and efficiency of the subsystem.

At the end of each of these chapters the main results are summarised for that particular loop.

(5) The fifth chapter covers the fuel cycle elements in the Direct Internal Recycling Loop
(DIRL), which represents the boundary condition to the fusion device and the innermost
and fastest fuel recycling path. Here the fuel is injected and removed from the reactor.

(6) The sixth chapter comprises the system blocks of the Inner Tritium Loop (INTL). Here
the bulk of fuel species is separated from the exhaust gas and conditioned for reinjection.

(7) The seventh chapter encompasses the Outer Tritium Loop (OUTL), where the exhaust
gas is rectified to minimize the discharge of tritium to the environment.

(8) In the eighth chapter the performance of the fuel cycle as a whole is analysed.

(9) Finally, the ninth chapter summarises the work and provides an outlook.

:ll:l d System ;" Subsystem
g ‘ '; C

Fusion ! Subsystem
Reactor DIRL INTL OUTL |/ B

-

% |:> 7 - Subsystem

Figure 1.2:  Breakdown of the fuel cycle into three loops: Direct Internal Recycling Loop (DIRL), Inner Tritium Loop (INTL)
and Outer Tritium Loop (OUTL). The loops are then subdivided into system blocks and finally subsystems. Similar
to Figure 1.1, exhaust streams of the fuel cycle are coloured in red.







2. Function of the Fusion Fuel Cycle

2 Function of the Fusion Fuel Cycle

To determine the duty of the fuel cycle it is paramount to observe at first the intricacies of
the fusion device it is attached to. Large portion of the design needs can typically be deduced
from this boundary condition alone. Thus, the fundamental structure of a fusion device is
delineated with a focus on key features that define the requirements of the fuel cycle. This generic
approach is then narrowed down to the specific design implications of the future fusion reactor
DEMO in its current design iteration as well as its auxiliary systems. Given these interfaces, the
multi-loop architecture of the fuel cycle is derived as well as the technologies are implemented.

2.1 Reactor Operation and Interfaces to the Fuel Cycle

Fundamental principle of fusion is the unification of two atomic nuclei to form a different
element. For certain combinations of educts, the reaction is exothermic with a release of energy
corresponding to the total difference of the mass defects of the reactants and the products. To
harness energy with this phenomenon in a power plant, the fusion of the two hydrogen isotopes
deuterium (D) and tritium (T) - forming helium (He) and a neutron (n) as per Equation (2.1) - is
considered particularly promising [1].

2D + 3T - 3He +n + 17.6 MeV. (2.1)

However, this reaction has a cross section that peaks at temperatures of about 70 keV and
must be maintained over an extended period of time to reliably yield net energy production. As
no solid material is able to withstand these conditions without melting, the reaction is enclosed in
a plasma core confined magnetically in an evacuated vessel. The reactor - commonly referred to
as torus given the ring-shape of the plasma - is surrounded with a variety of auxiliary systems to
sustain the fusion reaction at its centre.

Two reactor concepts are currently most advanced on how to realize the magnetic
confinement with a technical design, the stellarator and the tokamak, each with its advantages and
challenges [2]. In general, the fuel cycle of a magnetic fusion device is independent of its
confinement technology. A crucial difference, however, is implied by the simpler design of the
tokamak. The tokamak based on the transformer principle does not allow for a steady magnetic
confinement and, thus, entails a pulsed operation, where the reactor alternates between a burn and
a dwell phase. In contrast, the stellarator can theoretically be operated for an unlimited time. The
fuel cycle described in this work is optimized for a tokamak reactor. Therefore, it is adapted to
cope with boundary conditions that change in quality and quantity in intervals. In principle, the
same fuel cycle concept is also applicable to a stellarator device given some adjustments.

Independent of the confinement concept, the effectiveness of the fusion reaction is
constrained. The confinement time of particles in the plasma core is limited by the device design,
therefore only a fraction of the hydrogen particles undergoes a fusion reaction. Instead the
majority of fuel remains unburned, leaves the plasma core and is neutralized in the divertor. Once
outside the plasma core, the bulk of particles lack the required energy to re-enter and must be
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removed to avoid accumulation of matter in the torus. Low pressure in the reactor is upheld by a
set of vacuum pumps to minimize the convective heat transport from the hot plasma to the reactor
wall. These pumps mark the first interface to the fuel cycle.

To keep the reaction running, plasma density must be upheld, and the gas emitted from the
fusion device must simultaneously be replaced. This defines the second interface to the fuel cycle.
A Matter Injection System (MIS) is installed to continuously top up the plasma core with the
required amount and composition of fuel. Additionally, other species are injected throughout the
torus for the use of radiative cooling, which facilitates handling of the plasma. These are referred
to as Plasma Enhancement Gases (PEG) and require an additional injection infrastructure.

As the gas composition of the torus feed and exhaust differ, the fuel cycle is either
conceptualized in an open or a closed loop. In the former, much simpler approach, the exhaust
gas is discarded and new matter from an external source is supplied in its place. The latter
comprises a multitude of systems designed to separate, purify, rebalance and re-inject the unused
matter repeatedly. As the exhaust gas of the torus predominantly consists of unburned hydrogen
including tritiated and activated species, the closed loop fuel cycle concept is the standard
approach to a large fusion device such as DEMO.

2.2 DEMO as Design Driver of the Fuel Cycle

On the development path towards a fusion power plant, a series of successive steps in the
form of increasingly powerful and larger test facilities are foreseen. As of the year 2020, multiple
devices are under operation in the framework of the European fusion programme for the
development of a suitable plasma scenario for commercial fusion. The Mega Ampere Spherical
Tokamak (MAST) in Culham explores the intricacies of spherical tokamak plasmas. The ASDEX
Upgrade (AUG) in Garching, Germany as well as the Tokamak a configuration variable (TCV)
in Lausanne, Switzerland test plasma scenarios. All these devices use protium or deuterium
plasmas. The Joint European Torus (JET) also in Culham, England is currently the only European
device to incorporate a tritium infrastructure and test deuterium-tritium plasmas.

In the future, other fusion related facilities will continue the development. The Divertor
Test Tokamak (DTT) to be constructed in Frascati, Italy will focus on different divertor
configurations. A fusion test device, ITER (Cadarache, France), is currently under construction
to prove the feasibility of a fusion power plant by demonstrating net output of thermal energy.
Thereafter, a full scale first-of-a-kind Demonstration Power Plant (DEMO) is to bridge the gap
towards commercialisation. DEMO is currently at the end of its pre-conceptual design phase,
which defines the main features and scope of the plant and all subsystems.

Table 2.1 lists these European tokamak devices, their main purpose and key parameters
that exemplify the progress of reactor parameters. The size of the total plasma volume, composed
of the plasma core and the plasma edge surrounding it, is given by Vpjasma- The pulse length tp e
indicates the maximum time span of maintaining a plasma pulse. The nominal thermal power
released by the fusion reaction is denoted as Pi,ermal, Whereas Py, refers to the integral amount
of heating power installed in the device.
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Table 2.1:  Selected fusion devices and their characteristics for scale comparison purposes. The values are extracted from
literature and for planned facilities DTT, ITER & DEMO, they represent reported design targets.

. Date of Main research Vplasma toulse Pthermal Paux
Device completion purpose (pm3) ‘Zs) (MW) (MW) Source
JET 1983 DT plasma 80 <60 [3] 16 30 [4]
MAST 1991 Spherical tokamak 8 <1 ) 5 [5]
plasma
AUG 1991 Plasma scenario 14 <10 - 30 [6]
TCV 1992 Plasma varying <2 i 2.25 7]
configuration
DTT 2025 Divertor testing 33 <95 - 45 [8]
ITER 2025 Fusion test device 837 <500 500 50-110 [9]
DEMO >2050 Power plant 2500 <7200 2000 50 [10]

Naturally, an increase of fusion reactor parameters necessitates a scale-up and redesign of
the auxiliary systems. As such, the fusion fuel cycle has adapted to its requirements and evolved
with each iteration step. ITER - for example - demands wide-ranging capabilities of all its
auxiliary systems as it is inherently designed as a test facility to explore various plasma operation
points or load profiles. Contrary, DEMO is envisaged to target a predictive power production. In
consequence, the process parameters of its fuel cycle are defined much narrower and the design
intentions diverge significantly in certain aspects from ITER.

A shared issue of large-scale fusion devices - irrespective of their intricacies in fuel cycle
design - resides in the consumption of DT-fuel. An equimolar mixture of deuterium and tritium
is required to maintain a peak performance of the fusion reaction rate [11]. In this context, tritium
represents a particularly scarce and expensive resource [1].

To remain sustainable, a requirement of tritium self-sufficiency is imposed on DEMO and
follow-up fusion power plants [12]. Over their lifetime, they must therefore produce tritium equal
to or at a higher rate than consuming it. To quantify this requirement, the consumption of tritium
in a fusion power plant can be partitioned into four distinguishable sink rates:

Consumption of tritium by the fusion reaction itself. This
() Fourn = f(Pthermal AV) term is a function of the fusion power (Phermar) @S Stated
in Equation (2.2) and the overall reactor availability Av.

Loss of tritium by permeation into the structure materials,
where it permanently resides. This term is a time-based
saturation function strongly dependent on material
properties treatment and neutron damage.

(“) FpassiVe = f(Material)

(iii) Faecay = f(It,) Tritium decay as a function of the plant tritium inventory.

Tritium emitted from the fuel cycle in exhausts as a function
N F = ( ) of separation efficiency of the back-end processes
(V) Floss = f(MFuel cycles Meak (MFuel cycte) Of the fuel cycle and the leak rate of the

secondary confinement (1eak)-



From Equation (2.1), a direct dependency can be drawn from the amount of thermal energy
released (Pinermar) 10 the consumption of fuel. This relation is quantified in Equation (2.2).

Fourn = Pthermal * 2.943 - 1077 mol/M], (2.2)

With Fyyrn in mol/s of tritium, Piermar in MW and the conversion factor! in mol/M] as indicated.

Equation (2.2) provides a quick way to assess the minimum tritium consumption of DEMO.
For a full operation cycle of two hours the demand of fuel exceeds 4.2 mol (25.5 g) of tritium. To
quantify the consumption over a larger timespan Fy,., is multiplied by the reactor availability Av.
Integrated over the plant lifetime, the first sink term alone considerably surpasses the worldwide
production rate of tritium. Thus, to realise fusion of the deuterium-tritium mixtures, an efficient
use of tritium is paramount.

Incorporating infrastructure materials and plasma facing components with low tritium
diffusion properties represents a key design aspect to reduce passivated tritium inventory Fp,ssive
(if). This facet is still under research [13][14][15]. Particularly in the vicinity of the fusion reactor
careful design is required as the uphold of tritium in infrastructure can be increased by neutron
damage by three orders of magnitude [16]. It is assumed that proper coating can leverage the
impact of this sink term, which is also not considered here.

The demand to minimize the sink terms of decay (iii) and loss (iv) sets the key design criterion of
the fuel cycle to implement technologies of low tritium inventory and high separation efficiencies.
The decay rate Fgecay in mol/s is related to the plant inventory of tritium Iy, in mol by the decay
constant ®2 as shown in Equation (2.3). Both terms are discussed in Chapter 8.

Fiecay = © - Iy, = Iy, -1.7828-107°s71. (2.3)

To assess the tritium inventory, the overall throughput of the reactor, must be taken into
account since this is processed in the fuel cycle. In theory, Fy, ., CONstitutes the minimum amount
of matter cycled. However, in reality, the duty of the closed loop fuel cycle is amplified by the
low burning efficiency of the fusion reaction. To illustrate the low conversion rate, the amount of
tritium burned F,, iS put into relation with the total amount of tritium injected into the
reactor Fy;s (T). It is defined in Equation (2.4) as tritium burnup fraction .

_ Fburn

B= Fmis (T) (2.4)

For DEMO a burning efficiency of 8 = 0.64 % is considered in this work. The number is

deduced later in Section 3.5. This in turn, exemplifies the need of a closed recycle loop as less

than one percent of the hydrogen fuel actually reacts in the torus. Apart from this small fraction,

all species are expected to exit the reactor without further reaction. Hence, input and output of the
fusion reactor are almost identical.

1 This is derived from the reaction described in Equation (2.1). After conversion of units, the released energy
translates to ~ 3400 GJ/mol of tritium molecules burned.

2 The decay constant © in the unit of 1/s is given by the half-life of tritium ¢, , = 12.323 a
8
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Given the definition of the loss terms, the tritium self-sufficiency requirement can be
formulated as in Equation (2.5) using the plant mass balance of tritium:

a(lr,)
d_':z = Fbreed - Fburn - Fpassive - Fdecay - Floss- (2'5)

Tritium self-sufficiency is achieved once d(Ir,)/dt > 0 over an extended period of time. To
provide this, two additional parameters must be considered. First, a certain tritium start-up
inventory Isiarr, IS Needed to saturate the reactor and all auxiliary systems, which defines this
task as an initial value problem best approached by numerical simulation. Secondly, a source term

of tritium is required (Fyreeq)- FOr this purpose, Breeding Blankets are installed in the vicinity of
the fusion reactor and presented in the next section.

Figure 2.1 shows a cross section of the DEMO tokamak from the side and the top including
the main auxiliary systems.

- (d) the ring-shaped plasma surrounded by (b) the Breeding Blankets, (c) the vacuum
vessel and (d) the divertor.

- The magnet infrastructure consisting of (€) poloidal and (f) toroidal field coils.

- The top view shows how the DEMO tokamak is segmented into sixteen sections (of
which eight are displayed), each covering 22.5° and housing three access ports. (g) the
upper port, in the most part for Breeding Blanket maintenance, (h) the equatorial,
primarily for diagnostics and heating and (i) the lower port intended for divertor
maintenance and location of the vacuum system.

- The structure displayed - including ports - is approximately 22.5 m high, with a
diameter of about 31.5 m.

Side view Top view

(c) Vacuum vessel (a) Plasma (g) Upper port

(e) Poloidal field coils

z ¥
7 (b) Breeding Blanket  (d) Divertor (i) Lower port (f) Toroidal field coils Fos o

Figure 2.1:  Schematic cross sections of the DEMO tokamak. Left: Side view displaying the main components, (a) the plasma
surrounded by (b) the Breeding Blanket and (d) divertor encased in (c) the vacuum vessel with its three access ports
(g, h, i) as well as the magnet structure (e, f). Right: Top view showing eight of the sixteen sections, which brought
together form the distinctive ring shape of a tokamak torus. Picture adapted from [18].



2.3 Breeding Blankets and other Fuel Cycle Boundaries

Apart from the fusion reactor, the fuel cycle is also connected to a number of power plant
auxiliary systems. Each of these systems impose a requirement and thereby shapes the design of
the fuel cycle. The Breeding Blankets (BB) represent an essential boundary condition. Here the
tritium is bred, which is required for the long-term preservation of fuel supply. The output of the
BB requires processing by the fuel cycle. The other boundary conditions mentioned below
demand more general design implications to the fuel cycle. They are mentioned here for the sake
of completeness but will not be further elaborated in this work.

Breeding Blankets

Tritium is produced in a nuclear reaction from both natural isotopes of lithium as per
Equation (2.6) and (2.7) [14]. The reaction is induced by neutrons n produced in the fusion
reaction of Equation (2.1). Their interaction with ’Li releases another neutron n’ in the process.

’Li+n - 3He + 3T + 4.8 MeV, (2.6)
JLi+n - 3He + 3T +n’ — 2.5 MeV. (2.7)

This forms a cycle of a fused triton creating a neutron, which in turn creates again a new triton,
and requires a high capture rate of the released neutrons. To enable a high breeding ratio a high
plasma surface coverage factor of blankets holding the lithium is required. In sum, the ratio
between tritium generated in the Breeding Blankets Fyeeq t0 Fpurn @S Shown in Equation (2.8) is
called the Tritium Breeding Ratio (TBR).

TBR = Lbreed (2.8)

Fpurn

Given the tritium losses discussed in the previous section, TBR must exceed unity to achieve self-
sufficiency. In addition, a fraction of the neutrons generated are lost as they stream through the
surrounding structure without interacting with the breeder. To counteract these losses, neutron
multipliers - in the form of beryllium or lead - are implemented into the blankets in conjunction
with lithium. Proof of concept linked to DT fusion is expected to be carried out in ITER [19].
However, only a fraction of the first wall in ITER is covered by test blankets. Thus, the tritium
consumption of ITER will heavily outweigh its production. To complete the cycle, the bred
tritium must subsequently be removed from the BB and directed to the fuel cycle. For this
purpose, a Tritium Extraction and Removal System (TERS) is implemented. The output of the
TERS then represents the third crucial interface to the fuel cycle.

Cooling

The first wall components of the fusion reactor as well as the Breeding Blankets require
extensive cooling. Thus, a comprehensive cooling system branches through the whole reactor
building as the primary coolant loop. The heated coolant is transferred to a secondary loop feeding
a steam generator, which powers the turbines. Given the sheer size and estimated temperature
range spanned by this infrastructure element, permeation of tritium into the coolant must be
considered. Accordingly, an additional clean-up system is implemented to prevent tritium
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accumulation or contamination of the secondary loop. This is achieved by removing the tritium
in a Coolant Purification System (CPS), which again feeds into the fuel cycle.

The Breeding Blanket and in extension the TERS and CPS system blocks form the Outer
Fuel Cycle as they introduce tritium from outside to the closed fuel recirculation loop of the fusion
reactor. Since there are currently several concepts for the design of the Breeding Blankets - each
associated with a different coolant - the interface to the fuel cycle varies in throughput and degree
of tritium purity received. Two Breeding Blanket concepts - Helium Cooled Pebble Bed (HCPB)
and Water Cooled Lithium Lead (WCLL) - are considered in this work as they cover all design
approaches currently under discussion. From the perspective of the fuel cycle, a permutation of
breeder and coolant is possible. A detailed discussion of both concepts and a quantification of
their input to the Inner Fuel Cycle is presented in Appendixes Al and A2.

Plant Safety

Safe operation of the fuel cycle is a crucial requirement to the success of the power plant.
All elements involved must remain controllable during operation or any form of incident. This
applies in particular to the handling of tritium, which may under no circumstances leak from the
fuel cycle in large quantities. Furthermore, the total amount of tritium emitted to environment
must be kept below an administrative threshold set by a nuclear regulator and beyond that remain
as low as reasonably achievable (ALARA principle).

To account for the safety requirements, all systems presented in the following chapters are
envisaged to be surrounded by a secondary confinement system to recover leaked species. Even
beyond this confinement, small scale tritium contamination of ambient air is unavoidable.
Accordingly, the ventilation system of the plant must be equipped with a filter and recirculation
system that constitutes a third tritium confinement loop.

On top of that, every part of the fuel cycle must be implemented redundantly in accordance
with nuclear safety regulations. This considerably increases the tritium inventory to be expected
within each system block. All of the above is to be considered in a comprehensive safety concept
in the conceptual design phase, which will affect the fuel cycle design and scale. This does not
form part of this work.

Balance of Plant

Since the fuel cycle is part of a power plant, its total energy consumption must be
minimized. Other boundary conditions must be regarded as well. For example, the tritium
retention of the Outer Fuel Cycle impacts the tritium concentration and thus safety requirements
of the water steam cycle. Also, the achievable pump down time in the fusion dwell phase defines
the size of the energy storage system of the Balance of Plant. This is to be reflected by the selection
of technologies and layout of the fuel cycle.

Cryogenics, water supply and other inputs from outside

Several processes in the fuel cycle require external supply of energy or matter. A cryogenic
infrastructure is assumed as provided given the inclusion of cooled super-conducting magnets in
DEMO. The availability and boundary conditions of other external sources to the fuel cycle are
regarded as given and not considered here.
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2.4 Fuel Cycle Architecture and Technologies

Given all boundary conditions, the architecture of the DEMO Inner Fuel Cycle can be
derived. Essentially six main tasks can be identified:

1 Evacuation of the torus must be upheld by continuous pumping.

2 The reusable species must be isolated from the exhaust gas in a separation process.

3 Inasubsequent process step, the exhaust gas must undergo a final detritiation step before
being released to the environment to minimize losses and comply with regulatory
requirements.

4 The recycled gas must be refined and topped up before reinjection. This includes re-
establishing the correct composition of hydrogen isotopes in the fuel.

5 To close the cycle the fuel must be reintroduced to the fusion reactor with a multi-part
injection system tailored to the reactors requirements.

6 The architecture is completed by long-term storage tanks and a gas distribution system in
which gases are retained and distributed in the fuel cycle.

In order to reduce the overall scale, it is avoided to process the entire throughput in every
system. Instead, the fuel cycle is divided into three loops [20]. Progressively, the processed
throughput decreases, while residence time and tritium separation capabilities increase with every
loop. The three loops are the Direct Internal Recycling Loop, the Inner Tritium Loop and the
Outer Tritium Loop, as indicated in Figure 2.2.

The Direct Internal Recycling Loop is a direct connection between the vacuum and Matter
Injection Systems. The DIR concept was developed by Day et al. [21] and is used as baseline in
this thesis. The bulk of hydrogen is circulated in this loop at minimal process times.

In the Inner Tritium Loop, the remaining gas is separated into a reusable fraction and an exhaust
gas containing trace-tritium. Then, the isotopic composition of the recycled hydrogen is
readjusted. All reusable species (hydrogen and certain PEG’s) are gathered and topped up prior
to being reinjected to the torus.

Finally, the Outer Tritium Loop holds the separation processes that guarantee high degrees of
detritiation. Additionally, input from the Outer Fuel Cycle is processed in this loop.

The storage system is used to cushion dynamic processes and to guarantee a constant
availability of all required species. Storage of large quantities of fuel is not foreseen. The systems
blocks are connected by pipelines and dwell tanks. As the fuel cycle is a process engineering
plant, which operates best at steady state, dynamic processes are to be dampened as far as possible.
Semi-continuous process steps in the fuel cycle and the discontinuous behaviour of the fusion
reactor itself are circumvented with bypass streams and series of dwell tanks. This way - with the
exception from within the DIR Loop - all system blocks are isolated from this dynamic.

Figure 2.2 shows the Inner Fuel Cycle to the extent covered in this work with all system blocks
and their connections in its three-loop architecture. Breakdown of each system block into its
subsystems is conducted in the individual section.
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Outer Tritium Loop

Gas Distribution,

Inner Tritium Loop

DIR Loop

Figure 2.2:
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DEMO Inner Fuel Cycle architecture with its three loops and all system blocks. The input streams of the Outer
Fuel Cycle are omitted here for the sake of readability. They feed into the Inner Fuel Cycle at different points
depending on the breeding concept as explained in detail in Appendixes Al and A2.
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2. Function of the Fusion Fuel Cycle

The depicted part of the fuel cycle is dedicated to recycling the exhaust gas of the torus and
is referred to as the Inner Fuel Cycle, which comprises the Direct Internal Recycling Loop, Inner
Tritium Loop and Outer Tritium Loop®. It is complimented by the Outer Fuel Cycle, which
processes the bred tritium in the TERS and CPS system blocks. These feed into the Inner Fuel
Cycle at different points depending on the composition of species (cf. Appendixes A1/A2).

Each system block is realized using a dedicated technology. The technology choice is the result
of a selection process [22][23][24], most of which has been evaluated by the author [25] in the
process of this work. Table 2.2 lists the different technologies for each system block.

Table 2.2:  Technology selection for all Inner Fuel Cycle subsystems [22][23][24]. The Gas Distribution Control and Metering
System is effectively part of all loops. It is listed and covered as part of the DIRL loop in the context of this work.
Loop  System Block Subsystem Technology Section
Pellet injection Centrifuge Pellet Injector 5.1
Matter Injection Gas injection Gas Puffing System 5.1
Neutral beam heating ~ Neutral Beam Injector 5.1
DIRL  Direct Internal Recycling Separation Metal Foil Pump 52
High vacuum Linear Diffusion Pump 5.3
Vacuum
Fore-vacuum Liquid Ring Pump 5.3
Gas Distribution Control and Metering Gas valve box 5.4
Hydrogen isolation Palladium Permeators 6.1
Exhaust Processing
INTL Catalytic cracking Nickel Catalyst Beds 6.1
Isotope Rebalancing & Protium Removal Temp. Swing Absorption 6.2
Exhaust Gas detritiation Combiner & Condenser 7.1
Detritiation Residual detritiation Wet Scrubber column 7.1
Water detritiation LPCE column 7.2
Water Detritiation
OuTL Tritium enrichment Electrolyser 7.2
Trace-tritium removal ~ Cryogenic Distillation 7.3
Isotope Separation
Isotopologue cracking  Equilibrator 7.3
Storage Long term storage Uranium Getter Beds 7.4

3 The terminology is repeated here explicitly to clarify a source of constant confusion: The Inner Fuel Cycle
and the Inner Tritium Loop are not interchangeable terms. The same applies to the Outer Fuel Cycle and
the Outer Tritium Loop. Moreover, the Outer Tritium Loop is part of the Inner Fuel Cycle as shown in
Figure 2.2 above.
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3. Gas Transfer and Balance Processes in a Fusion Fuel Cycle

3 Gas Transfer and Balance Processes In
a Fusion Fuel Cycle

In a fusion fuel cycle a multitude of different physical and chemical processes take place.
To integrate these into the model, first, the gaseous species present in the fuel cycle are
characterized. Thereafter, the chemical interactions of the predominant species, hydrogen, with
itself and other species is elucidated. The essential interactions are categorized into four different
types to streamline the computational effort. For each of these exchange reactions, a correlation
is provided to simulate the equilibrium state. Finally, key operational aspects of the fuel cycle
process plant are defined and quantified for a benchmark case.

3.1 Gas Species Characterisation

A total of seventeen different species are introduced in this work as they are expected to
occur in considerable amount in the fuel cycle of DEMO. In this context, gaseous hydrogen in
varied compositions constitutes the main ingredient circulated. In addition, hydrogen bound in
water as well as a selection of non-hydrogen species are characterized.

3.1.1 Hydrogen Species

Hydrogen represents the lightest element in existence with a single proton in its core and
occurs as one of three isotopes. In principle, all three isotopes show a similar chemical behaviour
with minor differences in their physical properties. They all readily bond with carbon forming
hydrocarbons spanning the vast field of organic chemistry. At ambient conditions, hydrogen is an
odourless transparent gas. In combination with oxygen it forms an explosive gas over a very wide
concentration range. On top of that it represents a volatile element, which easily permeates
through solid matter given its small atomic diameter.

Among the three isotopes, protium (1H) is naturally the most common isotope. Although not part
of the fusion reaction per se, the presence of protium in the fuel cycle is unavoidable as it enters
the fuel cycle in the form of purge gas, water or simply permeates through walls from the exterior.
This is especially the case in the evacuated fusion reactor, where it represents the most relevant
outgassing species from the first wall.

Deuterium (3H) is the second stable isotope commonly referred to as heavy hydrogen. Given that
deuterium has twice the molar mass in relation to protium, it can be isolated relatively easy by
distillation or electrolysis. With a natural occurrence of 1:5000 hydrogen atoms in water, it is
considered abundantly available in the context of fusion.

The third isotope Tritium (3H) is known as super-heavy hydrogen. This isotope decays with a
half-life of 12.323 years under release of ®He and kinetic energy. For any amount of tritium in a
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given system, the average heat of decay can be quantified by the correlation in Equation (3.1)*.
This phenomenon is relevant in low-temperature applications in the fuel cycle.

Qaecay = Ir,* 0.599 W/mol, 3.1)

where I, denotes the amount of tritium molecules in mol and Qgecay is the heat flow due to

decay in W released in the observed system. Constrained by decay, the concentration of tritium
in the hydrosphere is minuscule with an estimated relative occurrence of 1 in 10'® hydrogen atoms
[26]. This amounts to a few kilograms of natural supply of tritium on earth [27].

The intake of tritium or tritiated species poses a health hazard to the human body. Therefore,
proper containment of tritium and minimization of its release is a stiff requirement to the fuel
cycle.

All isotopes of hydrogen naturally occur as gas in their bi-molecular form. This entails the
formation of the three mixture isotopologues, which are of relevance specifically in certain
separation processes. Throughout this document the symbols Q and Q; are used to refer to any of
the three isotopes (H, D, T) and isotopologues (Hz, D2, T2, HD, HT, DT), respectively. The word
“hydrogen” also implies any of the isotopes, whereas “protium” is used to indicate specifically
“IH.

Additionally, to avoid confusion, all variables that refer to a quantity of hydrogen in this
document do so as an amount of diatomic hydrogen molecules in the unit of mol independent of
their state. An excerpt of the material properties of the six hydrogen isotopologues - as
implemented into the fuel cycle simulator - is listed in Table 3.1. Wherever the isotopologues are
compared in a plot the indicated colour is used throughout this document.

Furthermore, the material properties of oxidized hydrogen (Q:0) in all six isotopological
variations are included to model the water chemistry in the fuel cycle. They are elaborated in
Section 3.3. Carbonized and nitrogenized species (CxQy, NxQy) on the other hand are disregarded
in the context of this work as they incur a high complexity, which would entail a large
computational effort. If carbon is present in any way, cracking of hydrocarbons is required as a
process step in the fuel cycle. In this work, both elements are covered by the Exhaust Processing
System and the procedure is explained in Section 6.1.2.

Table 3.1:  Basic material properties of the hydrogen isotopologues with the data extracted from [17]. T, and p... are the
temperature and pressure at the critical point and Ty, is the triple point temperature. The boiling temperature
Tyoir refers to a standard pressure of 1.013 bar.

Variable H, HD HT D, DT T2 .
Unit
M 2.01565 3.02193 4.02388 4.02820 5.03015 6.03210 (g/mol)
Terit 33.145 35.91 37.13 38.34 39.42 40.44 (K)
Tirip 13.81 16.60 17.70 18.69 19.79 20.62 (K)
Derit 12.964 14.840 15.710 16.796 17.730 18.500 (bar)
Tooil 20.369 22.142 22.969 23.661 24.288 25.040 (K)

4 The correlation is based on [27]. A single event of tritium decay releases on average 5.7 keV. After
consideration of the tritium half-life and conversion of units one obtains the factor of 0.599 W/mol.
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3.1.2 Non-Hydrogen Species

In addition, five non-hydrogen species are considered. They represent reaction products
(both isotopes of helium) and the Plasma Enhancement Gases (nitrogen, argon and xenon)
injected into the fusion reactor. The noble gases exhibit their intrinsic inertness and trespass the
fuel cycle system without reacting in a significant way apart from activation reactions [28]. The
chemistry of nitrogen as well as other hydrogen compound molecules represents a considerable
interaction, which will be discussed in Section 6.1.2. An excerpt of the gas properties is
summarized in Table 3.2.

The concentration of the tritium decay product ®He is measured in every system to obtain a
system-wide tally of Fyecay. As it is not circulated in the fuel cycle, its concentration remains at
a low level y(3He) < 11077 mol%. Consequently, *He is omitted in the following chapters
although in later design phases an export function may be developed for this species.

Table 3.2:  Selected material properties of non-hydrogen isotopes. T, and p..: are the temperature and pressure at the
critical point taken from [29]. The boiling temperature Ty refers to a standard pressure of 1.013 bar.

Variable *He ‘He N, Ar Xe Unit
M 3.01603 4,00260 14.0067 39.9481 131.293 (g/mol)
Terit 3.32 5.20 126.19 150.86 289.74 (K)
Perit 1.146 2.275 33.96 4.8979 58.42 (bar)
Troil 3.197 4.15 77.15 87.15 165.02 (K)
Source [30] [31] [31] [32] [33]

3.2 Simplified Hydrogen Treatment

Given the strong congruence of the hydrogen isotopes behaviour, in a majority of cases, a
differentiation of isotopes can be omitted in the model procedure to minimize computation time.
Therefore, this thesis provides a treatment of the thermodynamic description of the hydrogen
systems involved, that reduces the complexity where possible, and thus allows for fastest
convergence of the calculated points.

Wherever necessary, the hydrogen chemistry is expanded to include the three isotopes (e.g.
mono-atomic absorption) or the six isotopologues (most other cases). Conversely, in parts of the
fuel cycle, only hydrogen isotopologues are processed and other species can be neglected. To
illustrate the list of species implemented in all parts of the fuel cycle, the streams connecting
subsystems in this document are colour-coded from this point onwards as indicated in Table 3.3.

Table 3.3:  Streams transporting species at different resolutions across the model boundaries to limit complexity. *He is present
everywhere throughout the fuel cycle as the decay product of tritium.

Stream Isotopologues Water Simplified Everything
colour-code > > > >
Species included Hz D2, T2 H,0, D,0, T,0 Hz, D, T All Q2 All Q.0
PECIES INCIUCED T DT HDO, HTO, DTO 3He, “He 3He, “He

in the stream
*He *He N, Ar, Xe N, Ar, Xe
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In terms of required effort and system size, the most demanding aspect is represented by
the chemical reactions of hydrogen for the purpose of their separation from impurities or isolation
of individual isotopes. Likewise, the highest amount of computing power is required to represent
these processes in the simulation program. To streamline this aspect, the separation mechanisms
are categorized into four hydrogen interactions:

1. hydrogen < gaseous hydrogen 2. hydrogen < liquid hydrogen

3. hydrogen < water 4. hydrogen < metal

For each of these chemical interactions, a determined system of equations for the equilibrium
state is presented in the following chapter. This approach is used throughout all components of
the fuel cycle and neglects the reaction kinetics. This simplification is chosen to limit
computational complexity. In consequence, the results presented in this work assume an idealized
case. They are indicative of the separation capabilities of the various fuel cycle components and
underestimate the setup sizes required.

3.3 Hydrogen Interaction Processes

3.3.1 The Hydrogen - Gaseous Hydrogen Interaction

In the gas phase, hydrogen molecules perform exchange reactions approaching an
equilibrium state of isotopologues that is determined by the prevailing temperature. The
interaction is exemplified for hydrogen and deuterium in Equation (3.2).

H, + D, = 2 HD. (3.2)

If no catalyst is present, the time scale of these exchange reactions is given by the
dissociation of hydrogen molecules, which marks the time-relevant step. However, in many
instances throughout the fuel cycle, the decomposition of molecules is induced via a source of
energy or the presence of a catalytic metal surface. Any subsequent recombination into hydrogen
molecules occurs as a mixture of isotopologues in thermal equilibrium, which can be quantified
by using Equations (3.3), (3.4) and (3.5). This approach assumes ideal gas behaviour and ab initio
instantaneous thermodynamic equilibrium between all hydrogen isotopologues.

2 2 2
Kip =0 (B3, Km=gtl= (4, Ko=g— (35
where yq, is the molar fraction of a hydrogen isotopologue in the gaseous phase and Ky, is the
equilibrium constant. The latter can be calculated as a function of the temperature via the
correlations listed in Table 3.4. They are derived by Peters [34] and originate from the literature
[17][35][36][37]- Above a temperature of 1250 K, the equilibrium constant of all reactions
converges asymptotically to Kq, = 4, which represents the stochastic distribution. Combined
with the mass balance of a given system, the equilibrium state of isotopologues can be numerically
calculated by the simulator.
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3. Gas Transfer and Balance Processes in a Fusion Fuel Cycle

Table 3.4:  Equilibrium constants of the hydrogen-hydrogen exchange reaction in the gas phase, based on a literature study
performed by Peters [34].

Range 42K<T<50K 50 K<T<250 K 250 K<T<1250K

Kuyp =  6.785-exp (—78-70 K) 3.804 - exp (—51.178 K) 4207 - exp (—75.316 K)
Kyr=  10.22-exp(—5-F)  4.082-exp(Tr5) 4518 exp(—o)
Kpr=  5.924-exp(225) 4149 - exp (F222E) 4,075 - exp (C22K)

In most instances this phenomenon occurs as an undesired side-effect. For the fuel cycle
this represents a problem to be overcome as especially the similarity of physical properties of the
HT and the D2 molecules is a limiting factor to the separation efficiency of most isotope-related
processes. As the composition is temperature-dependent and favours the formation of pure species
at low temperatures, this phenomenon can deliberately be applied in an equilibrator to manipulate
the hydrogen composition prior to a separation step. However, operation of an equilibrator at low
temperatures incurs a reduction of reaction Kinetics.

3.3.2 The Hydrogen - Liquid Hydrogen Interaction

Hydrogen can be liquefied at cryogenic temperatures. Due to the different boiling points of
the individual isotopologues (cf. Table 3.1) a separation effect can be achieved in a distillation
process. In this context, hydrogen molecules with a larger mass exhibit a higher boiling
temperature. The molar fraction of an isotopologue y(Q) in the gas phase is defined in Equation
(3.6). Additionally, in equilibrium this equates the ratio of the temperature-dependent saturation
vapour pressure of that isotopologue.

Q at(Q
y(QZ) — p(Qz) _ Psat(Q2)

14 - ZQZ DPsat(Q2)’ (36)

where p(Q,) and ps,:(Q,) indicate the partial pressure and saturation vapour pressure of a
hydrogen isotopologue, respectively. p denotes the total pressure of a given system provided that
no non-hydrogen species are present, and assuming the validity of Dalton’s law. The saturation
vapour pressure of any isotopologue is calculated with a fit function of the saturation pressure
curve given in Equation (3.7) for any temperature T, < T < Tyt

In (%) =+ 2+ ¢ T+ C-In(3) + G5 T2, 3.7)

with T in the unit of K and the constants C,.s taken from the literature as indicated in Table 3.5.

Table 3.5:  Correlation constants used to calculate the saturation pressure of all hydrogen isotopologues Q..

Constant H, HD HT D, DT T, Unit
C: 14.3314  16.8374  21.5217 20.741 18.288 19.073 =)
C, -98.9298 -129.372 -181.006 -161.604 -167.989 -181.732 (K)
Cs 0.0346 0.019 -0.1296 0.0466 0.0045 -0.023 (1/K)
C4 0.4468 0 0 -1.1027 0 0 =)
Cs 0 0.0002 0.0016 0 0.0001 0.0005  (1/K?)
Source [38] [39] [39] [38] [39] [40]
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Combined with the transient energy balance for all liquid and gaseous hydrogen isotopologues -
as written in Equation (3.8) - the equilibrium of the exchange reaction can be calculated as:

((ii_il = Zn Finput(n) ’ h(n) - Zn Foutput(n) ' h(n) + Hext + Qdecaya (3-8)

where H denotes the enthalpy of a given species and h the specific enthalpy of a given stream n
into or out of the observed system in J and J/mol, respectively. The term H.,; denotes an external
source or sink term of heat in W and Qgecay is the heat flow of decay from tritiated species
specified in Equation (3.1). The equation assumes that no work is executed by the system and that
pressure remains a constant scalar.

The specific enthalpy h of any liquid and vapour component Q,, is given by the literature using a
linear function of temperature as described in Equation (3.9).

h(Qz) = C¢(Q2) + T - C7(Qy). (3.9)

The parameters Cg and Cy are listed in Table 3.6 using a linearization performed by Souers [17].
To calculate the total specific enthalpy of a mixture of isotopologues, the values of h(Q,) are
weighted by their molar fraction in the fluid. This approach assumes no two-phase flow occurs in
a domain as well as perfect mixing of the hydrogen isotopologues in equilibrium.

Table 3.6:  Parameters used to calculate the specific enthalpy of all six hydrogen isotopologues [17], with the reference
total enthalpy being the dilute ideal gas at 0 K.

Constant H. HD HT D, DT T, Unit
Cs(vap) 2183 149.3 94.8 129.6 50.6 95.6 (J/mol)
C7 (vap) 7.95 12.55 15.8 13.6 18.9 15.6 (J/mol - K)
Cs (lig)  -176.5 -259.0  -259.2 -325.0  -285.0 -300.0 (J/mol)
Cr (lig) 21.25 26.5 26.8 30.0 30.0 30.0 (J/mol - K)

3.3.3 The Hydrogen - Water Interaction

Hydrogen also carries out exchange reactions with water in liquid and vapour form
according to Equation (3.10). Here heavier hydrogen isotopes preferentially accumulate in the
water molecule.

H,0 + HD 5 HDO + H,. (3.10)

In order to represent the complex reaction scheme in its entirety, all 18 reactants involved have
to be correlated - six isotopologues in three phases. Following an approach of Busigin [41], a
simplification is made here. The reaction kinetics of hydrogen with vapour can be assumed to be
significantly higher than with liquid water.

The equilibrium reaction of hydrogen with water vapour can be represented with a dimensionless
equilibrium constant Kq,_q, defined in Equation (3.11) as the ratio of the liquid and gaseous

hydrogen inventories. The equilibrium constants are dependent on temperature as given in Table
3.7.
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3. Gas Transfer and Balance Processes in a Fusion Fuel Cycle

Table 3.7:  Equilibrium constants of the Q»-QO reaction at selected temperatures based on Urey [42].

T(K) Kup-n, (—) Kp,-up (—) Kur-n, (=) Kr,-ur (=) Kpr-p, (=) Kr,—pT (-)

273 4.29 3.46 7.64 5.54 1.63 1.75
298 3.70 3.05 6.19 4.63 1.55 1.65
338 2.8 2.5 4.4 3.3 15 1.45
400 2.46 2.14 3.46 2.84 1.34 1.40
500 1.94 1.75 2.47 2.15 1.23 1.28
600 1.66 1.53 1.99 1.80 1.16 1.21

K, _ Igas(Hz) . Iliquid(HDo)
HD-H, Igas(HD) Iliquid(Hzo)'

(3.11)

The water vapour and the liquid are assumed to be perfectly mixed, which entails identical
isotopologic composition. Gas in contact with a body of water is assumed saturated with water
vapour at saturation pressure. The fit function given in Equation (3.12) links the saturation
pressure to the temperature.

Ln (::S_at) = C8 * 19 * T(;fit + Cg " 191.5 + CIO " 193 + C11 " 193.5 + C12 " 194 + C13 " 197-5, (312)
crit

where ps,: and pric denote the saturation and critical pressure of a water isotopologue Q-0,

respectively. T and T,,; are the temperature and critical temperature of that water isotopologue.

9 represents a substitution parameter as given in Equation (3.13).

9=1--—L

= (3.13)
The fit function and the equilibrium constants Cs-C13 in Table 3.8 are given by Matsunaga and
Nagashima [43] for the pure isotopologues H.O, D,O and T,0. The mixture isotopologues are
estimated by linear interpolation of the corresponding pure isotopologues.

Table 3.8:  Correlation constants used to calculate the saturation pressure of all water isotopologues Q,O. Properties of the
pure water species are taken from [43]. Columns denoted with an * are interpolated from their pure species

counterparts.

Constant  H,0 HDO*  HTO* D,O DTO* T,0 Unit
Terit 647.14 64552 64442 64389 64280 6417 (K)
Perit 220.64 21868  217.37 21671 21541 2141  (bar)

Cq -7.8582  -7.8983  -7.8975  -7.9384  -7.9376  -7.9368  (-)
Co 1.8399  1.8384 17900  1.8369 17885 17402  (-)
Cio 11781 -11.8871 -11.6469 -11.993 -11.7530 -11.513  (-)
Cia 226705 22.6288 224010 225871 22.3593 221314  (-)
Cis -15.939  -15.9878 -16.1601 -16.0363 -16.2086 -16.381  (-)
Ci3 17752 -1.4299  -1.6595  -1.0848  -1.3143  -1.5438  (-)
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3.3.4 The Hydrogen - Metal Interaction

Gaseous diatomic hydrogen molecules exhibit the affinity to adsorb on the surface of a
metal. In a process of chemisorption, the molecule activated by thermal energy is able to
dissociate into single atoms. This phenomenon represents the first step of a multitude of different
subsequent chemical reactions, all of which are used in fuel cycle processes. Firstly, if followed
by desorption, the metal functions as a catalyst accelerating the aforementioned isotopic exchange
in the gaseous phase. Secondly, the atoms may absorb and reside in the interstitial sites of the
metal lattice. In this way, hydrogen is chemically bound and can be stored safely and in a space-
saving manner over longer periods of time. Furthermore, the absorption equilibrium of the
individual isotopes varies with the type of metal. A separation phenomenon can be exploited
using an absorption bed of specific material properties. Once absorbed, hydrogen atoms diffuse
through the metal lattice and may recombine at and desorb from a different point on the surface
of the metal, effectively creating a permeation flux through the bulk. Given its small atomic
diameter, hydrogen exhibits a comparably large diffusivity in metals. For specific metals,
hydrogen can be isolated from larger species as these are not able to permeate through the lattice.

Absorption

For each hydrogen isotope Q in contact with a metal, absorption and desorption reactions
occur in tandem until an equilibrium state is reached. In this equilibrium state the amount of a
specific hydrogen isotope in the solid phase I45,4(Q) can be correlated to the amount in the gas
phase Ig,5(Q). The equilibrium state depends on the temperature Tpy,e¢o1 and the hydrogen isotope

saturation in the metal lattice cq v in the metal. It varies substantially for different metals and can

be described in the form of Equation (3.14). In the according sections, the specific function of
each metal implemented into the fuel cycle simulator is derived from the literature.

Peq Q = f(CQ/M' Tmetal) (3.14)

where the equilibrium pressure of an isotope p.q(Q) is linked to the corresponding gaseous
inventory I4,5(Q) by the ideal gas law as shown in Equation (3.15);

Igas(Q) _ Deq(Q)
" RTgas (3.15)

Vgas
With Vg, and Tg,s as the volume and temperature of the gas phase. Similarly, cq v is defined in
Equation (3.16) as the molar ratio of absorbed hydrogen over the total amount of metal absorbent

IMetal-

Isoli (Q )
CQ/M = 2 ﬁ. (316)
Although absorption of hydrogen into metal occurs via dissociated atoms, the quantities of
hydrogen bound in a metal lattice I54;;4(Q>) - are indicated in reference to diatomic molecules in
the unit of mol. This definition avoids conversion errors. To address this definition, Equation
(3.16) includes the factor of 2.
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3. Gas Transfer and Balance Processes in a Fusion Fuel Cycle

Controlled storage of hydrogen in absorption beds is made possible by utilising this
dependency. The equilibrium state of a system is changed by manipulation of Tyeq, which results
in binding or releasing hydrogen. In this context, an increase in temperature correlates with higher
equilibrium pressure and a release of absorbed hydrogen.

Separation

For certain metals, Equation (3.14) strongly deviates for the different hydrogen isotopes.
Equation (3.17) defines the separation factor K,g, which quantifies the effect for two given
hydrogen isotopes A and B.

Igas(B) Isolid(4)

Kpg = .
AB Igas(A) Iso1id(B)

(3.17)

It indicates the equilibrium state of both isotopes in the gas and solid state. For most metals Kyp >
1, whereas some metals show an inverse isotope effect Kyp < 1. The separation factor is
dimensionless and determined experimentally as a function of material properties and the
temperature Tyeq Of the metal.

Permeation

The phenomenon of permeation is the combined effect of solution and diffusion of an atom

in a metal lattice. The solubility of hydrogen in the metal is given by Sieverts’ law in Equation
(3.18).

Csolid = KS\/—y (3.18)

where Kj is the Sieverts’ constant in mol/(m®y/Pa) and p is the partial pressure of hydrogen in

the gas phase in Pa. cs,)q denotes the concentration of hydrogen in the solid phase in mol/mé.
Diffusion of hydrogen is modelled using Fick’s law (cf. Equation (3.19).

j=DE%£, (3.19)
where j denotes the hydrogen flux through the metal lattice in mol/(m?-s) and D is the
diffusivity in m?/s. The permeability Pe is defined as the product of solubility K and
diffusivity D, both of which are material properties and temperature dependent. In practise, the
permeability of a metal for a given permeate is derived from experiments and described as an
Arrhenius expression as written in Equation (3.20):

Pe = Ks+D = Peg - exp (— i—‘;), (3.20)
where E, and Pe, are the activation energy and pre-exponential factor in J/mol and mol/(m - s -

VPa), respectively. In practise, separation processes by means of permeation are realized by
dividing an upstream and a downstream chamber with a metallic membrane of elevated
temperature. To generate a permeation flux of quantitative relevance, a hydrogen concentration
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gradient Ac must be established over the foil. Typically, the gradient is imposed by a pressure
difference Ap in both chambers, referred to as gas-driven permeation. In this case, Equations
(3.18) and (3.19) can be combined to Equation (3.21).

j==-ap, (3.22)

where s represents the thickness of the metal foil in m and A\/E is the difference of the square
root pressure of upstream and downstream chamber in Pa.

3.4 Operational Aspects

Key operational aspects govern the requirements imposed onto the fuel cycle and its
performance. Most importantly, the throughput of the fusion reactor settles the overall scale of
the fuel cycle. Then, the contributions of each fuel cycle loop to the retrieval of hydrogen must
be allocated, which determines the scope of the individual subsystems. Finally, the fuel gas
composition leads to certain considerations with regards to the mass balance of the three hydrogen
isotopes. This section defines all these requirements in general terms, whereas the section
thereafter provides a quantification for a specific case.

3.4.1 Fusion Reactor Throughput

The required throughput of fuel of a fusion reactor is governed by the control and stability
of the particle and energy confinement of the fusion plasma in the fusion reactor. The injection
requirements to sustain steady state fusion reaction are derived from upscaling engineering
solutions implemented in running experiment facilities. Day et al. conducted an estimation of the
different fuelling contributions to the DEMO tokamak [20]:

A. Fuel is injected into the plasma core to (i) control the helium concentration, (ii)
replenish burned fuel and (iii) maintain plasma density.

B. Additional fuel is injected as pellet into the core to mitigate strong plasma-wall
interactions, called Edge Localized Mode (ELM) [44].

C. During the pellet fuelling process, losses occur at the plasma edge and must be
compensated.

D. Inaddition, losses within the supply lines upstream the torus must be considered.

E. Injecting fuel gas into the reactor perimeter and the divertor has proven to facilitate
plasma handling.

F. Argon is used in conjunction with item E as a radiative divertor seeding gas.

G. The first wall is protected by the use of PEGs, which dissociate the heat by radiation
and are injected as a gas. Nitrogen is assumed to be used for this purpose.

H. Xenon is used in small quantities to promote core radiation. It is injected by doping the
fuel gas (items A-D).

I.  Neutral Beam Injectors, a potential source of heating the DEMO plasma, inject
hydrogen gas into the core.
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3. Gas Transfer and Balance Processes in a Fusion Fuel Cycle

During dwell, the input of matter to the fusion reactor is halted. The vessel is pumped down in
preparation of a new pulse and to counteract outgassing of the first wall. Immediately prior to a
new pulse, fuel gas is puffed into the tokamak vessel to provide the start-up conditions for the
plasma.

3.4.2 Hydrogen Recuperation

The retrieval of hydrogen fuel gas from the exhaust stream is a shared task of the three
consecutive loops. Preferably, a large fraction of the fuel in the exhaust gas is processed
immediately downstream the reactor to minimize process times and tritium inventory. In each
loop, the amount of hydrogen retrieved is quantified by a hydrogen removal efficiency defined as
the molar ratio of recuperated fuel gas over fuel gas input.

For the OUTL, a distinction is to be made between the hydrogen isotopes. Protium poisons
the fusion reaction efficiency and its recuperation proves detrimental. Retrieval of deuterium is
desirable from an economic perspective but can equally be discharged safely to the environment.
The emission of the hazardous tritium isotope however - as mentioned in Chapter 2.3 - must be
minimized as per the ALARA principle. ITER administers the same approach and quantifies the
estimated annual release of tritium to about 0.6 g/a for years of regular operation. In years of
heavy maintenance, more tritium is expected to be released, which yields 2.5 g/a [45]. These
figures can be used as measurement criteria for the tritium release of DEMO. The equivalent
steady state throughput of tritium is derived for the ITER annual release in Equation (3.22) from
the heavy maintenance threshold.

Fosster (T2) < 2.5g/a = 1.313 - 1078 mol/s. (3.22)

The release of tritium is assumed in the form of tritiated water (QTO), which represents the
worst-case assumption as tritium bound in water exhibits higher levels of toxicity than molecular
tritium [46]. When comparing this figure to the amount of tritium processed in the same period
of time for DEMO, the extent of required detritiation is made apparent. As shown in Equation
(3.23), less than one per 8.4 million circulated tritium molecules may leave the fuel cycle via the
stack to satisfy ITER-like regulations.

F F -Av T, molecules circulated
MIS __ Burn ~ 84‘ . 106 2

(3.23)

FLoss Fioss,TER (T2)B T, molecules lost to atmosphere’

in which Fys - in the unit of mol/s - is calculated using Equation (2.4) with the assumed values
of a burn-up fraction of § = 0.64 % and an annual plant availability of Av = 0.3.

As all potentially tritium-contaminated streams pass through the detritiation systems of the
Outer Tritium Loop, they must focus on efficient retention of this isotope. Within the model, the
tritium output to environment is constantly monitored as a combined value of all output streams
of the fuel cycle. The efficiency of each system block is measured by a detritiation factor (DF),
which is defined as the molar ratio of tritium in the input stream over tritium in the discharge
stream. To comply with the safety regulations, high detritiation factors DF > 1000 are required
in the OUTL depending on input tritium concentrations. These are typically achieved by forcing
exchange reactions with protium in the detritiation system blocks.
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3.4.3 Fuel Gas Composition

Fusion reaction performance is tied to the ratio of deuterium and tritium in the fuel gas.
From a reaction efficiency point of view, an equimolarratioD : T = 50 : 50 is desirable within
the plasma core. A deliberate deviation from this optimum for a fusion power plant with the aim
to minimize tritium inventory is under discussion [11]. However, as the reaction efficiency is
diminished, this approach entails a higher rate of plasma heating to thermal reaction output.
Ultimately, the design of a future commercial fusion power plant will have to weigh these factors
to achieve an optimized setup.

An additional consideration is that several phenomena within the torus and the three fuel
cycle loops constitute a potential cause of fuel gas composition offset. On the one hand, local
imbalances may occur in the fuel cycle stemming from undesired isotope separation such as
isotope-sensitive permeabilities. On the other hand, evidently, source terms of a single isotope,
for example the tritium generated in the Breeding Blankets, entail an additional asymmetry.
Finally, the decay of tritium and the different leak rates through infrastructure must be considered.
Each fuel cycle loop reacts differently to imposed imbalance; hence each loop must be examined
individually.

Apart from its deliberate use as flushing agent in the Outer Tritium Loop, the ingress of
protium into the other tritium loops proves as undesirable as unavoidable, given that permeation
from protium sources outside the fuel cycle such as cooling water cannot be prevented. An
increasing protium concentration in the circulated fuel gas implies a decreasing efficiency of the
fusion reaction and the necessity of time- and energy-intensive isotope separation processes. As
a result, the input of protium into the confinement of the INTL must be minimized. This includes
permeation of hydrogen into the torus, the fuel cycle itself and recirculation of protium from the
OUTL.

3.5 Reference Design Point

A number of gquantitative assumptions pose prerequisites to initiate the holistic modelling
of the DEMO fuel cycle. In this section, the framework conditions and process parameters of a
reference case are setup for the model, which aims to place representative requirements on the
fuel cycle as a whole and each process step in isolation. This benchmark case is referred to as
Reference Design Point (RDP) of the fuel cycle, which assumes steady state fusion in the reactor
and will be used consistently as the baseline design in Chapters 5, 6 and 7. The dwell phase as
well as variations of the RDP are discussed in Chapter 8.

3.5.1 Benchmark Reactor Throughput

Table 3.9 lists the assumed species, their function, destination and input quantities injected
into the reactor of DEMO [20]. In it the items A-I refer to the throughput contributions introduced
in the previous section. The baseline values are marked as RDP and the quantity range marks one
of the parameter studies explored in Section 8.2.
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3. Gas Transfer and Balance Processes in a Fusion Fuel Cycle

Table 3.9:  Matter injected into DEMO to sustain steady state operation [20]. “RDP” indicates the chosen mean value for the
Reference Design Point. The losses upstream the torus (D) marked with an asterisk (*) are derived in Chapter 5.1.

Target Quantity range RDP

Species Purpose

# location (Pa-m3/s)  (Pa-m?3/s)
A DT Core density control Plasma core 50-260 200
B DT ELM-pacing Plasma core 0-20 20

C DT  Pelletlosses in the plasma edge Plasma core 22-110 100
D DT PLS unrecoverable losses Plasmaedge 6-110% of A-C* 54*
E DT Detachment sustain Wall surface 50 50

F Ar Radiative seeding Divertor 0.10% of A-E 0.39
G N Wall protection Wall surface 0-20 20

H Xe Radiative seeding Plasmacore  0.04% of A-E 0.16

I D./DT  Neutral Beam Injector heating  Plasma core 0.6 0.6 (Dy)
) 132.3 - 890.1 445.44

During operation, the fusion reaction is assumed as constantly ongoing stable reaction, which
converts 2.67 Pa - m3/s of DT into “He - following Equations (2.1) and (2.2) for a thermal output
Of Pihermal = 2 GW. No further reaction is assumed to occur within the fusion reactor in this
context. This way, apart from the fusion reaction during operation and the wall outgassing, the
torus output set equal to its input.

3.5.2 Hydrogen Recuperation Efficiencies

Quantification of the hydrogen recuperation efficiencies in each loop considerably
determines the performance requirements of each associated system block, hence the assumptions
made must be carefully chosen. To minimize the duty of detritiation systems in the Outer Tritium
Loop, itis a sensible approach to front-load the retrieval of hydrogen as far as technically feasible.
For the Metal Foil Pumps in the Direct Internal Recycling Loop, Day et al. consider a hydrogen
recuperation efficiency of np;r = 80 % as feasible [20]. Consequently, this value is chosen as
the benchmark for the Reference Design Point.

The remaining exhaust gas including the 20 % unrecovered and chemically bound
hydrogen is transferred to the Exhaust Processing System in the Inner Tritium Loop. Here, a large
fraction of the remaining hydrogen is isolated from the exhaust gas using palladium permeators.
To process hydrogen bound in compound molecules, a cracking step is implemented as well as
an intermediate step of a two-staged permeator setup. Overall a hydrogen recuperation efficiency
of ngps > 99 % in the INTL is assumed. The technical setups to achieve the target efficiencies
are elucidated for the Metal Foil Pumps in Section 5.2 and for the permeators in Section 6.1.

For the Outer Tritium Loop, the treatment of the three hydrogen isotope is prioritized
differently. First, the system blocks of the Outer Tritium Loops are optimized to minimize the
release of tritium to the environment. Considering the size of DEMO in comparison to ITER, the
upper release limit benchmark is set to the ITER heavy maintenance release limit of 2.5 g/a.
Second, all protium entering the fuel cycle must be removed via the OUTL and the propagation
of protium into the Inner Tritium Loop must be constrained. Finally, as intermediary isotope,
deuterium is bound to escape the fuel cycle in larger quantities than tritium. Large quantities of
lost deuterium are to be avoided.
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3.5.3 Fuel Gas Composition

A robust quantification of the DT imbalance is not obtainable at this stage of design. For
the RDP a surplus of deuterium in the fuel cycle is assumed, although the inversed case is equally
conceivable. As representative source of a fuel gas composition disparity, a considerable
asymmetry is generated in the RDP by a deuterium-only Neutral Beam Injector (NBI), which
feeds matter directly into the tokamak reactor (0.6 Pa-m?3/s as specified in Table 3.9). In
addition, its vacuum systems accumulate deuterium, which is partially forwarded to the Exhaust
Processing System (Fypj vac = 10 Pa - m®/s).

Similarly, a robust quantification of the integral protium source term is currently not
feasible as it depends on multiple, still undefined design parameters. Main factors are (i) the
choice of the Breeding Blanket technology, (ii) the extent to which conventional water is utilized
as a vacuum vessel or breeder coolant, (iii) the protium content and permeation properties of the
fuel cycle support structure and (iv) the usage and efficiency of anti-permeation coatings on water
or hydrogen confining surface structures.

To provide a starting point for the RDP the simulation assumes the source terms listed in Table
3.10. The way these values determine the design of the fuel cycle is discussed in Chapter 8.

The protium ingress in the DIRL loop is assumed as outgassing of the vacuum vessel and
represents a constant source of 0.1 Pa- m3/s over both the dwell and burn phase [47]. For the
INTL, the value chosen for the protium ingress represents the maximum capacity of the Isotope
Rebalancing and Protium Removal system (cf. Section 6.2). In the OUTL, protium is used in large
quantities as flushing agent. Any additional ingress of protium is negligible there in comparison.

To guarantee a supply of DT fuel to the torus in the optimal ratio, the underrepresented
species must be enriched. Three actuators are foreseen in the fuel cycle to manipulate the isotope
concentration in the fuel cycle. Each is assumed with the following requirements in the RDP:

(i) The Isotope Rebalancing and Protium Removal system block in the INTL must be designed
with the capability to equilibrate the steady state torus throughput on its own.

(ii) Trace-tritium recovery from the exhaust gas and the Outer Fuel Cycle is conducted by the
OUTL. The excess isotope must be isolated in the Isotope Separation System at high purity
to remove it from the fuel cycle.

(iii) Top-up of deuterium is provided by external supply.

Table 3.10:  Reference Design Point assumptions for the source terms of the individual hydrogen isotopes in the different loops.
The tritium input quantity is equivalent to a Tritium Breeding Ratio of TBR = 1.05.

Isotope DIRL INTL OuUTL Source
(Pa-m3/s) (Pa-m3/s) (Pa-m3/s)
H 0.1 0.22 - Permeation
D 0.6 10.0 - Deuterium NBI
T - - 1.405 Breeding Blanket
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4 Fuel Cycle Simulator

In order to reproduce the fuel cycle in its entirety in a simulation program, essentially, its
complexity must be managed. This can be achieved by (i) selecting a suitable software
framework, (ii) partitioning the fuel plant into stand-alone functional blocks and (iii) choosing the
appropriate numerical approach. To provide some background on the scope of fuel cycle
modelling, a short summary of the development over time is provided first.

Past and Present of Fusion Fuel Cycle Simulation

Over the course of several decades different approaches have been chosen to assist fuel
cycle design by predicting its behaviour in a computerized model. An analytic approach marks
one of the first prominent fusion fuel cycle models in the year of 1986 [48]. The model was
expanded later to derive the requirements of a Breeding Blanket [49]. The model approach is
based on a web of interlinked black boxes, each characterised with a residence time 7 and a
hydrogen inventory I,. The evolution of I, in dependence on time ¢ is then determined using a
simple mass balance given in Equation (4.1). Typically, the whole model focusses on tritium
inventories in the unit of mol to address tritium distribution among the system and pin-point the
technical requirements of tritium self-sufficiency.

dal I
d_? = Finq = Foutq = Finq — ?Q, (4.1)

where Fj, o denotes the input stream from upstream system blocks. The output stream Fy¢ q IS
given as the product of the residence time multiplied by inventory of hydrogen isotope @ in that
system block. The values of T as well as split factors - provided a system block features multiple
outputs - are taken as empirical values from the literature or postulated as design requirements
and implemented as rigid parameters into the code. The resulting set of ordinary differential
equations can in theory be solved analytically for a simple fuel cycle. However, the complexity
escalates rapidly as the number of incorporated system blocks increases [48]. Hence the numerical
approach is favoured in more recent fuel cycle simulator adaptations for different fusion-related
facilities all around the world [50][51][52].

The inclusion of physics-based models - to expand on the black box approach - was pushed
during the Engineering Design Activities of ITER [53] such as the tailor-made TRUFFELS and
CFTSIM codes [54][55], which evolved into the TRIMO code [56] to model in detail the
behaviour of the water detritiation facility of ITER. In the meantime, commercial software
developed into a valuable tool for the design of chemical plants, featuring intricate material
property databases, dynamic process optimization tools and user-friendly interfaces. The software
platforms gPROMS, EcoSimPro and the ASPEN® Custom Modeler (ACM) are well-established
framework tools and already used in the context of fusion [57][58]. They all comprise a
proprietary program language and an equation-based code.
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4.1 On the Choice of the Software Framework

From these candidates, the most suitable is selected for the DEMO fuel cycle simulator to
initiate this work. The choice of the most suitable software platform is based on their performance
for a set of imposed requirements for the task at hand:

>

— I O T MUOO W

Tritium data  Are properties of tritiated species integrated or implementable?
Customisation Can model blocks be programmed and integrated into the setup?

Transient Does the software feature dynamic simulation?

Licensing Is the software available as open-source? What is the cost of licensing?
Solver Is the numerical solver robust? Are there multiple options included?
Support Is the software updated regularly and is customer support available?
Add-ons Does the software feature an additional asset for the work?

User interface Is the software and coding aspect easy to learn and operate?
Interfaces Can the software handle interfaces to external input/outputs?

The requirements are compared to one another in a Pugh decision matrix as listed in Table 4.1.

Table 4.1:  Pugh decision matrix of the requirements imposed on the software platform of the fusion fuel cycle.
Criterion A B C D E F G H [
A - 2 1 0 0 0 0 0 0
B 0 - 1 0 0 0 0 0 0
C 1 1 - 0 0 0 0 0 0
D 2 2 2 - 2 0 1 1 1
E 2 2 2 0 - 1 0 0 1
F 2 2 2 2 1 - 1 2 2
G 2 2 2 1 2 1 - 0 1
H 2 2 2 1 2 0 2 - 2
[ 2 2 2 1 1 0 1 0 -
M 13 15 14 5 8 2 5 3 7

In a subsequent step the software features of Chemcad Dynamics, Aspen Custom Modeler,
gPROMS, Dymola, EcosimPro and ProSimDAC are analysed and rated on their applicability to
items A-l on a grade between 0 (not applicable) and 5 (fully applicable) as shown in Table 4.2.

Table 4.2:  Rating of the different software frameworks based on the decision matrix shown in Table 4.1.
o Chemcad ACM & EcoSimPro & .
Criterion Dynamics gPROMS Dymola ProSimDAC
A 0 5 5 5
B 4 5 5 5
C 5 5 5 5
D 4 3 4 2
E 5 5 3 5
F 2 5 4 4
G 4 5 5 5
H 5 3 4 5
| 4 5 5 5
Compatibility 257/360 344/360 334/360 343/360

30




4. Fuel Cycle Simulator

As can be seen in Table 4.2, for a target compatibility of 90 % (>324) most candidate
software is applicable to model the fusion fuel cycle. From them, the commercially available,
Aspen Custom Modeler (ACM) is chosen, as a campus license is readily available. Specifically,
the program comprises a set of additional features. First, it holds the possibility to incorporate
multiple models in a single solver entity in an intuitive drag-and-drop flowchart environment.
Second, it is capable of modelling processes transiently and allows for manipulation of variables
while running the simulation. Third, it uses a cross-reference to an internal material property
database, which includes most relevant components. However, the database is found to lack most
material properties at cryogenic temperatures and of tritiated species in general. Finally, it features
the capability to implement self-coded models and compare them to a library of pre-coded models
developed for typical chemical engineering functions.

4.2 Numerical Solution Approach

Numerical Solver

The Aspen Custom Modeler is equipped with an integrated solver, which provides a
solution of determined system of equations numerically. The software comes with a selection of
four different integration solvers. A thorough introduction to numerical analysis in engineering
can be found in [59]. The simplest, most time-efficient approach among them is the explicit Euler
method:

y(t+dt) =y(t)+h- y(t), (4.2)

where t is the current time step and dt is the time step interval. y(t) and y(t + dt) represent the
solution of a function at their respective time step; y(t = 0) is given as initial value and y (t)
denotes the time derivative of said function. In the program, the explicit Euler method can be
refined by applying a variable step, fourth order, explicit Runge-Kutta integrator. Here for each
time interval dt, the latter term of Equation (4.2) is substituted with the weighted average of four
increments. Every increment is then derived by the solution of the previous increment whereby
the initial increment is given by the explicit Euler method.

However, all explicit integrators are prone to instabilities as they tend to oscillate around the
actual solution if the initial values are ill-posed. This issue is aggravated by the fact, that the
boundary conditions of all models change abruptly over the course of the simulation to mirror
the dynamic behaviour of the fusion reactor. Both explicit solvers have been tested extensively
for various models in an environment of rapidly changing boundary conditions. They often failed
to procure a stable solution and are hence disregarded in this work.

Instead an implicit integrator is used in all calculations, which is capable of a more robust
simulation procedure. The method entails higher computational effort and requires a stiff system
of equations as well as being prone to problems involving steep gradients or singularities. The
basis is given by the implicit Euler method in Equation (4.3) with the same denotation as in the
explicit Euler method but with the key distinction that the time derivative is dependent on the
desired solution y(t + dt) instead of the initial solution y(t). This approach requires an
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additional layer of numerical approximation, which increases the computation time. A sequence
of iterations occurs within each time step and persists until a termination criterion ¢ is reached.

y(t+dt) =y(t)+h- y(t+dt), (4.3)

To further improve the stability of the numerical solver, Gear’s algorithm is provided as
an option, which expands on the implicit Euler method by applying Lagrange interpolation. This
integrator is implemented in ASPEN with an automatically varying time step size and is tailored
to solve stiff differential equations. Both implicit procedures are able to provide a stable solution,
but the computation time of Gear’s algorithm exceeded that of the implicit Euler by a factor of
two with no visible benefit to simulation stability or output accuracy. As the code structure of
ASPEN does not support parallelization, the computation time is limited by the capacity of a
single processor core. In the context of adopting the fuel cycle in its entirety into the model,
computation time quickly arises as a bottleneck. Consequently, the implicit Euler solver is chosen
as integrator.

Convergence

For the convergence of the numerical solver both the relative and absolute error are
considered as termination criterion. A value of e = 107> is used in all instances.

Time Scale and resolution

Modelling of the fuel cycle is performed over the course of several burn and dwell phases
(~10 hours) at a resolution of 1 s. Depending on the level of perturbation introduced in comparison
the former equilibrium state, the computation time of the fuel cycle model varied between factors
of 0.1-1 in relation to real time.

Variables and Parameters

In every model a series of variables and parameters are defined as well as a set of equations
that connect them. Variables in this context represent values that may change over time (e.g. the
gas pressure), while parameters remain constant (e.g. the vessel volume under the assumption that
no thermal expansion occurs). For every variable at any time, the program performs a consistency
check against a numerical boundary. For example, if the absolute pressure in a system ever
reaches a negative value, the whole simulation is aborted. The lower and upper numerical
boundaries implemented in all simulations are denoted in the list of symbols as Ljqyy, and Lyp.

Discretization

Many processes, such as the separation of hydrogen species in a column, are modelled by
segmenting the process into a number of nodes along the concentration gradient in a single
dimension. Then each node is solved for the equilibrium state in dependence of a physics-based
interrelation between the affected species. This simplifies the simulation in two aspects. First, all
absolute quantities are reduced to a scalar and second all gradients become unidirectional.
Thereby the problem becomes hyperbolic in nature and reversed flow is generally not possible.
For each subsystem the relevant relations are elucidated in the corresponding chapters.
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4. Fuel Cycle Simulator

Mass Balance

Each model is completed by correlations specific to the related process as well as a generic
mass balance for each species i given in Equation (4.4).

dl; . .
dat = Zi Finput(l) - Zi Foutput(") - Fdecay - Flos& (4-4)
where the input and output streams are specified for the subsystems in each chapter. The
decay of tritium is calculated for every tritium inventory but omitted in mass balances beyond
this point of the work for the sake of improved readability.

4.3 Decomposition of the Plant in Functional Blocks

In the context of the equation-based solver of the Aspen Custom Modeler, the programming
task revolves around building a determined system of equations as well as a sensible initial state
for the entire system. To partition the problem, the whole fuel cycle is divided into system blocks,
representing a functional block - e.g. the Matter Injection System introducing matter to the fusion
reactor. Each system block is composed of stand-alone models, each constituting a determined
system in itself.

Every model represents a single piece of technology on the subsystem level. This way any
model can be analysed in isolation - provided that the input boundary conditions are fixed, in
context of the system block it is part of as well as in conjunction with any or all other models.
Then, each subsystem is connected to other subsystems via input and output streams. Different
types of streams are implemented depending on the composition of the content conveyed,
applying the nomenclature defined in Table 3.3. Key input and output streams of system blocks
are assigned an encircled number between (1D-39 and quantified for the Reference Design Point.

Different physical processes involving hydrogen can be found throughout the functional
blocks of the fuel cycle. The interaction processes partially overlap and correspond to those
defined in Section 3.2. The computational effort can be streamlined by applying the same
correlations throughout multiple models. Therefore, as a basis of defining a determined system in
each of them, a combination of the four hydrogen interactions represents the foundation of every
code, linking the different components together in their equilibrium state. This foundation is then
expanded upon with additional correlations specific to the technology.

The different subsystems of the fuel cycle each comprise a combination of these four
interactions as illustrated in Figure 4.1 expands upon Figure 2.2 and illustrates, which hydrogen
interaction processes must be considered in the different fuel cycle system blocks. The following
Chapters 5, 0 and 7 correspond to the three different loops of the DEMO fuel cycle and define in
detail the specific function of each system block, the subsystems comprised therein as well as
how these are translated into a set of correlations forming consistent models.
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5. The Direct Internal Recycling Loop

5 The Direct Internal Recycling Loop

The DIR loop links the fusion reactor to the fuel cycle. It essentially consists of the Matter
Injection System (MIS) block upstream and the Vacuum system block downstream of the torus
vessel. The former must fulfil a set of tasks each realized with a different technology and
connections allocated all around the torus. The latter will be installed as a series of pump casks in
the lower port ducts of DEMO, close to where expelled particles hit the divertor.

Integrated into the vacuum pump cask is a separation stage, which is intended to optimise
the fuel cycle. Here, unburnt Q, (D,, T, and DT) is separated from the exhaust gas in a process
step near the torus and directly recycled internally - hence the name of the loop. The candidate
technology is called Metal Foil Pumps (MFP), which isolates supra-thermal hydrogen by
superpermeation through a thin membrane from the rest of the exhaust gas.

Both outputs of the MFP are processed by similar vacuum pump trains, which on the one
hand return the isolated hydrogen to the matter injection and on the other hand transfer the
remaining exhaust gas to the INTL. In both cases, the incoming gas is compressed to almost
atmospheric pressure by a high vacuum pump and a fore vacuum pump.

The MIS supplies the fusion reactor with all the necessary species, using different supply
technologies to meet the requirements of the reactor. The injection methods reach from
accelerating hydrogen pellets over gas injection to neutral beam injection.

Central hub of the fuel cycle is the Gas Distribution, Control and Metering system (GDCM).
Tasked with the collection and distribution of matter, it consists of several buffer vessels and gas
valve boxes.

Table 5.1 lists the throughputs of the streams (1)-(8), indicated in Figure 5.1, which connect the
system blocks as well as their compositions.

Table 5.1:  Throughput and composition of all streams between system blocks in the DIR loop for the Reference Design Point
of DEMO. The stream marked with an asterisk (*) consists of multiple streams each with pure species.

Stream Feps® FnBi Fpus  Floss  Fwmis  Frorus  FpiR - Fret
v @ 6 @O 6 6 O

F 70.39 10.6 464.37 89.92 44544 44554 346.28 99.26 (Pam?/s)
y(H,) 0.76 0 1.07 1.07 1.02 1.04 1.10 0.84 (mol%)

Q, y(D,) 3514 100 4944 4944 4725 46.94 4952 37.92 (mol%)
y(T,) 35.14 0 4944 4944 4725 46.80 49.38 37.81 (mol%)

Unit

y(N,) 2841 - 0 0 449  4.49 - 2015 (mol%)
opg Y(AD 055 - 0 0 009 009 - 039  (mol%)
y(Xe) 0 - 005 005 004 0.04 - 0.18  (mol%)
y(He) 0 - 0 0 0 060 - 270 (mol%)
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The layout of the DIR loop with all its subsystems and connecting streams is shown in Figure 5.1
below. Streams (9) and (10) are discontinuous and covered by Sections 5.4 and 8.1, respectively.
Streams (11) and (8) are discussed in the Inner Tritium Loop chapter. Streams €3 and @ are given

in the Outer Tritium Loop chapter.
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Figure 5.1:

Discontinuous streams (9) and (10) are represented by dashed lines.
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5. The Direct Internal Recycling Loop

5.1 Matter Injection

The technical implementation of the Matter Injection System is always customized to the
design of the fusion device and varies significantly for existing and planned facilities
[60][61][62]. With growing size of the fusion device, the requirements tighten, demanding
technical solutions that are increasingly large and sophisticated. In particular, the feed upstream
of the torus must be optimized with regards to supply efficiency as the amount of non-recoverable
losses therein are propagated downstream the reactor and thereby entail a considerable scale-up
of the whole fuel cycle. Multiple requirements are posed by the fusion reactor, each fulfilled by a
dedicated subsystem of the MIS.

The prime function of the MIS consists of maintaining the plasma density by replenishing
lost fuel. Therefore, fuel is injected as solid material in the form of accelerated pellets to obtain
sufficiently high fuel efficiencies and establish an equimolar DT ratio in the plasma core. The
fuelling efficiency scales with the increasing velocity of the matter injected. The ramifications of
this phenomenon for the DEMO MIS system are discussed in the literature [63].

To minimize losses a Pellet Launching System (PLS) is used, which supplies frozen pellets
directly to the plasma core. The PLS predominantly conveys hydrogen fuel. Plasma Enhancement
Gases for radiative core seeding (xenon in the RDP) are delivered to the core by doping them into
hydrogen pellets. Additionally, certain boundary conditions between the torus first wall and the
plasma must be upheld during reactor operation and start-up to enable control over the reactor
dynamics. This comprises the need for a multitude of Gas Puffing Systems (GPS) realized with
fast reacting gas valves, which deliver matter to various locations in the torus. Finally, Neutral
Beam Injectors (NBI) are a candidate technology to realize heating of plasma. Although
technically part of the heating infrastructure, they operate by injecting matter into the fusion
plasma and thereby represent an interface to the fuel cycle.

As all these subsystems inject matter directly to the torus, which operates under constant
vacuum, any connection lines must be evacuated and attached to internal recycling loops to
minimize losses. In this work, these recycling loops are referred to as Matter Injection Vacuum
(MIV) and assumed to operate in general detached from the fuel cycle.

The structure and implementation of each of these subsystems is briefly described in this
chapter with regards to the expected scale. All matter injected via the MIS is supplied by the
GDCM system in the tritium plant. Depending on the distance to the tritium plant a set of
intermediate buffer vessels may be placed in the vicinity of the fusion reactor to ensure a quick
response time and a continuous supply of gases. At this point in the fuel cycle, the purity of all
species supplied to the MIS is assumed to be sufficiently high to not hamper the fusion reaction.
If supply buffer tanks are used, they must be monitored and connected to an appropriate
purification system to counteract a possible accumulation of impurities.

Each subsystem is designed to fit the required throughput as listed in Table 3.9 of the RDP.
Scaling of the MIS is discussed in Section 8.2.
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5.1.1 Pellet Launching

The necessity to freeze hydrogenic fuel prior to torus injection arises from the hot edge
plasma, which prevents the atoms from entering the confined plasma and renders the penetration
of hydrogen in a gaseous state almost impossible. Only a frozen pellet deposited at the torus high
field side> and very high velocity is able to achieve viable fuelling efficiencies. This curious
approach proves successful in current plasma devices and is considered for DEMO [63].

Typically, a Pellet Launching System consists of three consecutive steps: (i) pellet freezing,
(ii) pellet acceleration and (iii) pellet guiding with different possible technical solutions. Within
the framework of the fuel cycle simulator a conventional approach is adopted, using a liquefier
and a twin-screw extruder for the first step, to cool down and freeze hydrogen into a continuous
rod of ice at a temperature of below 15 K. A subsequent cutting device then generates pellets of
the desired size from the rod. In the second step, pellets are propelled using a centrifuge at a given
frequency and velocity. Finally, the pellets are guided to the injection location on the torus inboard
via an evacuated, curved guiding tube. No PLS currently under operation is capable of fulfilling
the DEMO requirements of quantity, pellet velocity and efficiency. To provide a sense of scale;
the fuel cycle model includes a PLS with performance parameters deduced from state-of-the-art
technologies. The scale-up to DEMO requirements is then performed under consideration of a set
of PLS constraints [63]:

Pellet Efficiency

The process of forming, accelerating and guiding frozen hydrogen pellets towards the
fusion reactor is accompanied by losses [64], which must be removed and are quantified by the
delivery efficiency npys as the molar ratio of matter delivered to the plasma core over the matter
supplied to the PLS (Fps (3)). The estimated delivery efficiencies are given in a range (1yin-
Nmax) fOr each section with a selected value for the RDP (nrpp) as listed in Table 5.2.
Collectively, they form the overall efficiency np; s Of the Pellet Launching System.

Table 5.2:  Quantification of the DEMO Pellet Launching System delivery efficiency. The efficiencies  are taken from [64].

: Mmin  Mmax 7IRDP Frpp Evacuated
Section Component %) (%) (%) (Pams) by
Pellet freezing Screw extruder 95 99 99 464.37 MIV
P. acceleration Centrifuge 95 95 95 459.73 MIV
Pellet guiding Confinement barrier 75 97 95 436.74 MIV
(partitioned by Cryostat 75 97 95 41491 MIV
Vacuum vessel 95 97 95 394.16 torus vacuum

sectioncrossed)  preeging Blanket 95 97 95 37445  torus vacuum

Scrape-off layer 50 97 90 355.73 torus vacuum
Plasma core (cf. Table 3.9) 320.16 torus vacuum
11 NpLs = 229 79.1 689

Tokamak

5 In context of a tokamak reactor the Magnetic High Field Side (MHFS) refers to the inboard side of the
plasma ring shape. Here, the magnetic configuration of the tokamak yields a radial drift propelling the
injected matter towards the plasma core, which is an essential contributing factor to the overall injection
efficiency [63]. Given the magnet infrastructure present at this particular location, the technical
implementation of a guiding tube from this angle proves difficult for the tokamak design.
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5. The Direct Internal Recycling Loop

Pellet Throughput

The total throughput processed by the PLS is given as Fp; g = 464.37 Pa-m3/s (3) in Table
5.1. This represents about three times the target throughput of ITER, which will be produced by
multiple twin screw-extruders operating in parallel. A test mock-up of a single deuterium extruder
can generate a steady state throughput of up to Fgyr = 39 Pa- m3/s of pure D; ice [65]. Scale-up
of these extruders is constrained by many parameters including heat transfer, slip and torque as
thoroughly described by Fisher [66]. Therefore, a total of 10 to 12 extruders of similar design in
parallel operation are a reasonable assumption for DEMO.

The throughput of the PLS is given as the product of a pellet content Ipgje times the number of
pellets injected per second fpenet- The Size of pellets is limited by their impact on plasma stability.
The current maximum is based on ITER assumptions of Ipger = 11.3 Pa-m3
= 6 - 102! atoms [63], which yields an integral pellet injection frequency of fpejer = 41 Hz.
Recent considerations suggest injection of smaller pellets. For Ipgjer = 3.77 Pa-m3
= 2-10%! atoms [67], the frequency would have to be increased t0 fpejer = 123 Hz. The
integral injection rate is then distributed among multiple centrifuge injectors. Clocking of the
cutting device as well as the centrifuge can be assumed a non-issue in this context as current
setups already show pellet frequencies of up to f = 80 Hz for a single device [68].

Pellet Velocity

Efficient fuelling requires maximizing the pellet velocity perpendicular to the flux surface
at the point of injection. However, the pellets progressively ablate on the trajectory to the torus
with increasing speed. The maximum velocity of pellets is restricted by the geometry of the
guiding tube favouring a single bend with a large curvature radius. A large radius however, results
in a worse injection angle, given the limited space at the torus inboard. An optimization study on
the current design of DEMO vyields a pellet velocity of vpejer = 1194 m/s for the highest
possible perpendicular speed [67]. The velocity of a pellet vpeet i tied to the design and
dimensions of the centrifuge as well as its rotational speed, which in turn is tied to the pellet
frequency. For a single centrifuge with a straight arm, they correlate by the definition of the
angular velocity in Equation (5.1).

Upellet = \/§Tr * frellet - 1T, (5.1)

where r denotes the centrifuge arm radius in m and n denotes the amount of centrifuge revolutions
per pellet acceleration event. vpepet aNd fperiet are given in m/s and Hz, respectively.

Deduced from these considerations a PLS setup is chosen for the RDP including:

(@) 10 extruders, each with a cutter and a steady state throughput of Fgy = 47 Pa-m?3/s.

(b) 5 centrifuges, each with a pellet frequency of fpejet = 8.2 Hz and a design specification
of rn = 3.28 m. Given n = 3, the smaller-sized pellets can be injected as well.

(c) 5 guiding tubes, each with a large bending radius leading to a point on the MHFS.

(d) 5 recuperation systems (MIV) recovering 62.35 % of the losses.
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5.1.2 Gas Puffing

Gas injection valves are installed all around the torus and serve multiple purposes during
the dwell and the burn phase. These gaseous species are injected into the divertor area or the
plasma boundary to establish and maintain controlled operation conditions for the plasma in the
tokamak. Although the choice of gas species and their quantity remains to be finalised, three
species are identified as suitable candidates in addition to the fuel gas, each to be injected with a
specific assignment. The gases are quantified for the RDP in Table 3.9 under the items E through
H.

Realisation of gas injection valves does not represent a significant technical challenge.
Nonetheless, a quick response time and sufficient supply of matter are paramount and non-trivial
factors to guarantee plasma control via gas injection. Hence, a RUN-VENT-cycle is foreseen for
this purpose in close proximity to the torus [64]. In such a loop, gas is constantly circulated
between a buffer vessel and a three-way valve by a dedicated pump. Upon request the valve
permits a fraction of the circulating pressurized gas to surge into the torus. The pressure and gas
content in each cycle is monitored via a manometer and topped-up via a second three-way valve
to maintain steady state. The flow rate is controlled using a regulation valve as a throttle.

The ratio of recirculated to ventilated gas during operation is kept in a 5:1 ratio by the three-way
valve. This way, for every mol fed to the torus, five mol are circulated through the loop to maintain
a high level of pressure in the cycle. During dwell, no gas is fed to the torus and the total amount
is fully recirculated instead. The setup of the RUN-VENT-cycle - as implemented into the model
- is shown in Figure 5.2. Every item E-H stated above uses a similar setup, each contributing to
the steady state throughput during reactor operation (Fgps (1) cf. Table 3.9). The capacity of each
of these GPS loops is set with a gaseous inventory to cover supply for the fusion reactor for five
minutes.

5.1.3 Neutral Beam Injection

The plasma heating concept of DEMO may comprise a set of Neutral Beam Injectors
(NBI). In a three-step process, hydrogen particles are first ionized in a beam source, then
accelerated and finally neutralized. The neutral hydrogen particles retain their initial energy and
are injected into the plasma core through a duct in the vessel.
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Figure 5.2:  Operating principle of a RUN-VENT cycle as implemented for the Gas Puffing System into the fuel cycle model.



5. The Direct Internal Recycling Loop

Operation of NBI devices inherently requires low pressure conditions and vacuum pumps of
substantial size and throughput. A description of the DEMO NBI concept is given in [69]. The
NBI contribution to the overall torus throughput is comparably small (0.6 Pa- m3/s cf. Table
3.9). However, significantly larger quantities of gas are circulated internally by the attached
vacuum pumping system.

Concerning the hydrogen species used in the NBI, it remains undecided whether the NBI
uses the reactor fuel DT or D, as operating species. Protium is not considered to minimize its
concentration in the plasma core. The use of DT demands a tritium-compatible system and
requires coupling the NBI to the fuel cycle for purification and accountancy purposes. Pure D,
results in lower tritium inventories and simpler design requirements but creates an imbalance in
the fuel mixture. The RDP assumes a D,-NBI in accordance with the preliminary NBI concept
for DEMO based on the gas driven neutralizer [70].

5.1.4 Matter Injection Vacuum

The matter injection technologies connected to the torus are equipped with their proper
evacuation system to recuperate losses and uphold the vacuum conditions within the supply lines.
In immediate proximity to the torus, vacuum pumps cannot be installed however, as a combined
result of the lack of space, the level of irradiation and the strong electromagnetic field. Losses of
process gas generated in this vacuum dead zone - beyond the reach of the Matter Injection
Vacuum (MIV) - must be processed by torus vacuum systems and increase the total fuel cycle
throughput. These constraining conditions, in addition to the required tritium compatibility, also
severely limit the choice of applicable vacuum technology and the achievable level of evacuation.
The vacuum pumps implemented in the MIV are assumed of similar design to those implemented
for the torus vacuum. In the PLS, these vacuum pumps are installed in the guiding tube and in the
centrifuge vessel for this purpose. The gas from the ablated pellets is captured and recovered to
compensate losses (Fo.ss (4)). The GPS access lines downstream the three-way valves are
assumed short and will not be evacuated. The NBI vacuum is described as part of the NBI setup
in [69].

Naturally, the presence of vacuum pumps upstream the ducts, creates backflow of gas
particles from the fusion reactor into the MIS and its vacuum systems. As a result, tritium
compatibility of the affected subsystems must be built into the final design. Moreover, a
connection must be foreseen to the Exhaust Processing System to purify the contents of each MIS
of accumulated impurities. Conversely to the occurrence of backflow, process gas may slip from
the guiding tubes into the torus. From the fuel cycle point of view, the effect of backflow and
forward flow cancel out.

Especially, for the large NBI vacuum system, however, the backflow of impurities must be
considered which requires a steady state treatment of a fraction of recirculating gas within the
fuel cycle. Consequently, it is assumed that the NBI vacuum pumps close to the torus duct are
connected to the fuel cycle propagating the circulating NBI gas into the Exhaust Processing
System. For the RDP a throughput of Fygj_vac = 10 Pa-m3/s (11) is chosen as reference case.
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5.2 Metal Foil Pumps

Metal Foil Pumps (MFP) represent the first hydrogen separation process of the fuel cycle
downstream the plasma. In the current state of design, the implementation of multiple Metal Foil
Pump modules is foreseen in the lower pump ducts of DEMO [71]. In the reference design, a high
proportion of the total gas throughput is processed there with short residence times in order to
significantly reduce the scale of the downstream fuel cycle loops. For this reason, process steps
of long residence times, e.g. the separation of isotopes, are avoided in the DIR loop.

Like other permeation setups, they essentially consist of an upstream and downstream
chamber separated by a thin metal membrane. In contrast to conventional pressure driven
permeation however, the driving mechanism implemented in the MFP is determined by the
concentration gradient of energised hydrogen particles over the foil. To generate this gradient, the
hydrogen molecules upstream are excited to a suprathermal state by exposing them to a plasma
source, whereas no energised particles are generated in the downstream chamber. As the hydrogen
is atomized by the plasma, its kinetic energy is increased by more than 1 eV in comparison to the
molecular ground state [72]. As a result, the absorption into the metal lattice of the foil is greatly
facilitated, given that the dissociation energy for the adsorption process is already provided. For
the right design parameters, high transmission probabilities of yirans = 0.1 — 1 can be observed
through a foil, where y.-ans i defined as the ratio of energized hydrogen throughput upstream
and downstream the foil. This phenomenon is referred to as superpermeation [73] and is observed
to achieve permeation fluxes against a pressure gradient [74], effectively constituting an
exploitable pumping mechanism. Additionally, as the energy provided allows only hydrogen
atoms to exceed the required activation energy to enter the metal lattice, the process shows a high
selectivity and can therefore be implemented as a separation mechanism [34].

In the fuel cycle of DEMO, the achievable hydrogen recuperation efficiency of the DIRL npg is
tied to the integral pumping probability yp,mp Of the Metal Foil Pumps, which forms as the
superposition of three steps of matter transport:

1) The probability that a hydrogen molecule finds its way from the torus into the Metal Foil
Pump and the plasma source within it (Yenter)-

2) The probability that the hydrogen molecule dissociates into energized atoms, which reach
the metal foil without recombining beforehand (xqis)-

3) The probability that an energized hydrogen atom is absorbed, then diffuses through the
metal lattice and finally recombines on the surface in the downstream chamber and does
not reabsorb (Xirans)-

Xenter 1S governed by the pressure regime and the geometry downstream the divertor and the
entrance of the MFP. y.xciteq depends on the design of the pump, especially the distance between
the plasma source and the metal foil and the ratio of the scatter radius of the former to the degree
of coverage of the latter. y.ans iS COrrelated to the permeation flux through the membrane jyrp
and the foil area Ag,;;. A detailed calculation of jygp achievable by Metal Foil Pumps made of
niobium is derived in Appendix A3.
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5. The Direct Internal Recycling Loop

Since the three transport probabilities show interrelations and the particle transport cannot
be assumed as a continuum due to the low pressure regime downstream the DEMO divertor - the
particle behaviour in the MFP can only be predicted by probabilistic methods. For this reason,
Direct-Simulation-Monte-Carlo studies were conducted on the DEMO divertor [75] and the Metal
Foil Pump [71] to investigate the overall pumping probability of a preliminary MFP design for
DEMO. The latter foresees a cylindrical setup with a length I = 2 m and a diameterd = 0.5 m
encircling a coaxially arranged linearly extended plasma source of djjasma = 0.1 m. For this

setup, the results indicate a pumping probability for hydrogen in the range xpymp = 82...96 %

and a pumping speed of Sypp = 13.4... 23.9 m3/s for a given foil parameter of yians =
5..20 %.

The pump design and performance estimations obtained are implemented as benchmark in
this work. They are used to estimate the number of pumps required Nypp as per Equation (5.2).

Fpir = Frorus(Q2) * Mpir < SmEp * Pin - Nmep, (5.2)

where Fi,rus(Q2) is the total hydrogen throughput downstream the torus - given as 424.19 Pa -
m?/s for the Reference Design Point. For a conservative assumption, the recuperation efficiency
is coupled to the lower boundary of the pumping probability npir = Ypump = 0.82, which fixes
the expected pumping speed per pump to Sypp = 13.4 m3/s. Assuming a low upstream pressure
of pi, = 1 Pa, a number of Nypp = 26 Metal Foil Pumps are to be implemented in DEMO for
the RDP to satisfy Equation (5.2).

To evaluate this theoretical Metal Foil Pump performance, the permeation flux jygp -
derived in Equation (5.3) - can be calculated.
Pa'm?

. SMFPPin
JMFP = M,:fl:,f = 4.265 Tme (5.3)

where Ag,;; denotes the area of a single Metal Foil Pump in m?. Notably, this is an averaged value,
as the pumping performance varies over the length of the pump [71].

In comparison, current fusion related MFP experiments report a constant progress in achieving
higher values of the permeation flux, from jyep = 0.449 Pa-m3/(s m?) [34], over jypp =
1 Pa-m3/(s m?) [71] up to most recently jypp > 4.4 Pa- m3/(s m?) [76]. This shows that the
requirement as per Equation (5.2) above is feasible.

The collected hydrogen permeate Fpr = 346.28 Pa-m?/s (7) is compressed by the subsequent
vacuum pumps and recycled to the MIS via the GDCM. The remaining hydrogen - in conjunction
with all non-hydrogen species - leaves the Metal Foil Pump as retentate. It is compressed in the
same way and directed to the EPS (F.er = 99.26 Pa - m3/s (8)).
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5.3 Vacuum Pumping

To operate properly, the DEMO reactor has the following requirements on its vacuum
system, depending on the phase of operation:

i.  Asthe fusion reaction takes place, the pressure in the vacuum chamber must be kept low
to limit convective heat transfer to the wall [10].

ii.  In the dwell phase, the pressure in the reactor must be reduced as much as possible to
enable subsequent plasma ramp-up [77].

Both duties are to be handled by the same vacuum pumps located downstream of the divertor in
a series of pumping casks working in parallel. In the former phase, the vacuum systems operate
in steady state with a throughput defined by the torus output. In the latter phase, they keep
pumping, which results in a gradual reduction of pressure in the vacuum vessel until plasma
ignition can be reinitiated. The achievable degree of evacuation is constrained by the duration of
the dwell phase as well as the outgassing of the wall.

For DEMO, a high-vacuum pump - located in the vicinity of the torus - and a vacuum
backing pump are arranged in sequence to compress the incoming matter to almost ambient
pressure. The envisaged technological implementation for DEMO is described in the
KALPUREX process [24] and incorporates Linear mercury Diffusion Pumps (LDP) and a Liquid
mercury Ring Pumps (LRP). A preliminary setup with the intent of facilitated maintainability and
accessibility is described in [47] and embeds the Metal Foil Pump with two LDPs in a pumping
cask. The setup of such a cask is portrayed in Figure 5.3. Multiple of these casks are positioned
in the lower port of DEMO. Downstream the casks the exhaust gas is joined with a ring-shaped
collector line situated below the reactor. The pipework ends in the tritium plant, where the backing
pumps are located.

1) Input from divertor

2) Output to tritum plant

3) Array of Metal Foil Pumps
4) Parallel LPDs

5) Cask frame

6) Track system

Figure 5.3:  Conceptual design of a vacuum pump cask to be installed downstream the torus. The frame (in yellow) is mounted
on a track system (in blue) and houses a box of 6 Metal Foil Pumps (in green) and two Linear Diffusion Pumps (LDP,
in red). Picture adapted from [47].
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5. The Direct Internal Recycling Loop

To quantify the number of pumps and their total throughput following parameters are considered:

a) The torus throughput defines the target capabilities of the vacuum system. Given the
requirements in Table 5.1 a total flow of Fyps = 445.54 Pa- m®/s (6) must be processed. The
DEMO tokamak layout includes 16 sub-divertor ports available for this purpose (cf. Figure 2.1)
[78]. Hence, for this throughput each pumping cask allocated in one of the ports must at least
process ~ 28 Pa-m?3/s, ideally more to increase contingency or free port space for other
purposes.

b) The pressure regime downstream the divertor must be taken into account. To evaluate which
pressure regime is present, the Knudsen number Kn is formed as the ratio of mean free path of
a gas molecule A over the characteristic diameter L. of the flow domain along the path as given
in Equation (5.4).

Kn ==, (5.4)

with A defined in Equation (5.5) in dependence of the temperature T in K and pressure p in Pa as
well as the particle diameter d,,, in m.

kT

In the case of DEMO for divertor pressures of 1 — 10 Paand Kn = 0.01 [79], the vacuum regime
resides in the slip-flow regime between transitional (Kn =~ 1) and laminar flow (Kn « 1) [80].

The quantification of the particle behaviour relies on three-dimensional statistical calculation
methods such as a Direct Simulation Monte Carlo (DSMC) [81].

c) The throughput of a pump is given as the product of the inlet pressure p;, and the pumping
speed, which is a characteristic of a pump and indicates the capacity of displaceable volume per
time.

Q=S5"Pin (5.6)

where Q and S denote the pump throughput and pumping speed in Pa-m?3/s and m?3/s,
respectively. For the DEMO burn and dwell phases the estimated values in Table 5.3 are assumed
based on the considerations made in [47].

Table 5.3:  Estimated pump performance of the entirety of the DEMO torus high and fore vacuum systems [47].

Pump Burn phase Dwell phase Unit
. Q 445 .44 0.1 (Pa-m3/s)
High-vacuum: Pin 3 >0.001 (Pa)
s 148.48 100 (m?/s)
Q 445.44 0.1 (Pa-m3/s)
Fore yacuum- Pin 100 100 (Pa)
s 4.45 0.001 (m?/s)
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Assuming a mercury-based design of a Linear Diffusion Pump with the pumping speed
capability of S = 10 m3/s [82][83] as well as a Liquid Ring Pump setup reaching S = 90 m3/h
in an experiment [84], the number of pumps required in parallel for the high vacuum and fore
vacuum stage can be calculated. For the Reference Design Point, a total of 15 high vacuum pumps
and 178 backing pumps are required to process the combined steady state throughput of both Fpir
(7) and F,o; (8). In particular, the Mercury Ring Pump experiments represent again a proof-of-
principal setup not tweaked to maximize throughput.

5.4 Gas Distribution Control and Metering

Gathering of the refined process outputs of the whole fuel cycle and distribution of matter
is centralised in the Gas Distribution, Control and Metering system (GDCM). In a series of valve
boxes and intermediate buffer tanks the concentration of impurities and hydrogen isotopes is
constantly monitored and adjusted.

In particular, upholding the supply of the MIS systems during fusion operation must be guaranteed
by the GDCM. In addition, the proportions of the three loops and of the bypass flows are
controlled by the GDCM by manipulating the distribution of the input and output flows. The
throughput and composition of all inputs is metered, and excess amounts of incoming matter is
removed from the fuel cycle and sent to the long-term storage system. In the contrary case of a
shortage of certain species, the same connection is used to top the fuel cycle up (Fiop—_up 10).

To buffer inconsistencies and bridge the distance of fusion reactor and tritium plant of >50 m
[85], a reserve of all circulated species is sustained in proximity to the torus. In the fuel cycle
model, each intermediary tank is designed with an inventory to sustain the fusion reaction for one
minute. This alone constitutes a tritium inventory of or 33.5 g (5.55 mol). Attached to these
buffer vessels is an emergency storage system with the capacity to hold the entire inventory of
the fuel cycle.

As a ramp-down and subsequent start-up of involved processes is not sensible for the
expected interruption of ~20 minutes downtime, the Inner and Outer Tritium Loop will maintain
in steady state operation. This is achieved by implementing a bypass stream (Fgqwen (9)
essentially creating a short circuit within the fuel cycle by detaching the fusion reactor from the
process as well as the auxiliary systems described in the previous chapters. For the sake of
continuity and simplicity, the fuel cycle model assumes that this bypass mirrors the quantity and
composition of the EPS input. To uphold steady state, this represents the equivalent of the two
streams F..:(8) and Fyg; (D). In practice, however, the bypass is expected to vary from the fusion
reactor throughput.

As central element of the fuel cycle, the GDCM can be examined to display the contribution of
each loop and to analyse the mass balance of each species.
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5. The Direct Internal Recycling Loop

5.5 Direct Internal Recycling Loop Summary

The Direct Internal Recycling Loop is modelled by managing the torus throughput with
components scaled up to the Reference Design Point quantified in Table 5.1 from currently
available pieces of technology. Four system blocks are comprised in the DIRL:

Matter Injection Systems

For the Pellet Launching System a total of five setups are required each consisting of two
extruders, one centrifuge and a guiding tube. They inject 84.06 mol% of the total torus input
directly into the plasma core. The Neutral Beam Injectors (0.13 mol%) and Gas Puffing Systems
(15.81 mol%) each contribute a smaller fraction to the overall input.

A Matter Injection Vacuum system recovers 62.35 mol% of the PLS losses.
Metal Foil Pumps

A total of 26 Metal Foil Pumps are implemented to recover 82 mol% of the hydrogen throughput
within the DIRL.

Vacuum Pumping

The Metal Foil Pumps are distributed among 10-12 vacuum pump casks along with two
Linear Diffusion Pumps each in the torus sub-divertor ports. The Linear Diffusion Pumps
compress the gas from 3 Pa to a pressure of 100 Pa. The high vacuum pumps are backed by a set
of about 180 liquid Mercury Ring pumps, which compress to ambient pressure.

Gas Distribution Control and Metering

The GDCM is used to pilot the fuel cycle behaviour. A surrogate bypass stream is used to
bridge the dwell period of the fusion reactor and uphold steady-state conditions in the INTL and
OUTL. Additionally, top-up of various species to the fuel cycle is conducted via this system.

In total a steady state throughput of Fio.,s = 445.54 Pa-m3/s (6) is processed in the Direct
Internal Recycling Loop.
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6. The Inner Tritium Loop

6 The Inner Tritium Loop

The central loop of the fuel cycle covers the two prime requirements of hydrogen isolation
and rebalancing to a large extent. It enables maintaining the fusion reaction in stable conditions
by providing fuel of sufficient quantity and satisfactory composition for a mid-term period of
time. Two system blocks are attributed to the INTL, the Exhaust Processing System (EPS) and
the Isotope Rebalancing and Protium Removal System (IRPR).

The EPS is required to isolate reusable species in the exhaust gas in a quick and efficient
manner. The remaining hydrogen is separated via multiple stages of palladium permeators. Setup
and functionality of each stage is described in Chapter 6.1. Efficient hydrogen removal in
particular presupposes the decomposition of compound molecules containing hydrogen such as
hydrocarbons. Therefore, the hydrogen removal is entwined with an intermediate step, where
chemical compounds are cracked to increase the yield. Thereafter, the reusable species are
captured in a series of separation processes. The remaining exhaust gas leaves the EPS and is sent
to the Exhaust Detritiation System.

The captured hydrogen, on the other hand is directed to the IRPR system. Here, the composition
of isotopologues is adjusted for reinjection by concentrating individual isotopes in a Temperature
Swing Absorption (TSA) cycle. This is utilized to keep the amount of protium content in check
as well as counterbalance any disequilibrium of the DT fuel mixture within the Inner Tritium
Loop. The rebalanced hydrogen is forwarded to the GDCM and the remaining hydrogen excess
is processed in the Outer Tritium Loop.

The Inner Tritium Loop as implemented with all its subsystems into the fuel cycle simulator is
shown in Figure 6.1. The process streams (11)-(18), that constitute the inputs and outputs of system
blocks are quantified for the Reference Design Point in Table 6.1.

Table 6.1:  Throughput and composition of all streams connecting system blocks in the Inner Tritium Loop for the Reference
Design Point of DEMO.

FnBi-vac FINTL  Fexh  Fpec Fbypass Flow-trit Fhigh-trit  FIRPR

W ® ® @ ®& (& @ ®

F 100 8594 2298 057 5992 16.13 9.89 68.99 (Pa-m?3/s)

Stream Unit

y(H,) 0 199102157102 - 199102 005 149-10% 149102 (mol%)
y(HD) - 142 - - 142 283 27010° 1.09  (mol%)
y(D,) 100.0 30.76 0.71 - 30.76  47.75 1.49 2438  (mol%)
yHT) - 099 - - 099 107 17310 099  (mol%)
y(DT) - 47.56 - - 4756  39.67 21.02 48.39  (mol%)
y(T,) 0 19.25 0.56 - 19.25 8.63 77.49 25.14  (mol%)
y(N,) - - 8104 - - i i T (mol%)
y(Ar) - . 170102 6813 - : i - (mol%)
y(Xe) - . 7.9410° 3187 - i i - (mol%)
y(*He) - - 11.65 - - - - - (mol%)
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Figure 6.1:  The Inner Tritium Loop with the subsystems of the “Exhaust Processing” and “Isotope Rebalancing and Protium
Removal” system blocks.
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6. The Inner Tritium Loop

6.1 Exhaust Processing

The bulk separation of hydrogen from the exhaust gas in DEMO is achieved using a well-
established technology in tritium handling facilities - the palladium permeator [86][87][88]. A
validated model of palladium alloy permeators for the application in the DEMO fuel cycle was
published by the author in [89] and is summarized in this chapter.

6.1.1 Permeator Boundary Conditions and Setup
Boundary Conditions

During reactor operation the torus exhaust gas represents the main contributor of the
permeator input (F,e. (8)). This may be complemented by other inputs of similar requirements.
For the reference case this is Fygi_vac (1. However, streams containing a large fraction of
protium are to be avoided as they pollute the INTL and imply an increased effort of the technically
complex protium removal. During the dwell phase, the permeators process the bypass stream from
the GDCM instead (F4we (9)), to uphold steady state for this and all subsequent processes. The
palladium permeator produces two outputs: (i) the isolated hydrogen permeate (Fjnt., @2) and (ii)
the retentate (F,yp, 13)+Fpgg 14)), which consists of non-hydrogen species and residual hydrogen.

Permeator Setup

Common design of permeators is a tube-in-tube design, consisting of a cylindrically shaped
membrane, mounted coaxially within a tubular casing [88]. The self-supporting membrane
separates a pressurized inner tube from an evacuated outer ring tube to prevent pressure induced
deformation of the membrane. The gas feed is injected by a compressor into the inner tube at high
pressure. Additionally, a mass flow controller upstream and a throttle valve downstream control
the throughput of the permeator and produce quasi-stationary conditions on the feed side. A
vacuum pump evacuates the outer tube to uphold the pressure gradient over the membrane. The
permeator setup as well as the schematic of the tube-in-tube design is shown in Figure 6.2. The
permeator in the model mirrors the parameters chosen in the experiments, which ran under fusion-
relevant conditions. They are summarized in Table 6.2. The hydrogen removal in the EPS is
implemented as a two-staged process, each with multiple permeators of these dimensions
operating in parallel.

Compressor Mass flow Permeator Vacuum pump
controller

~
N
Inpllt% ~ O permaate
~
~

>% » Retentate

Throttle Valve

Permeator Setup Tube-in-tube design

Figure 6.2:  Sketch of a single permeator setup as well as a schematic of the tube-in-tube design implemented into the model.
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Membrane Parameters

A Pd-Ag alloy is chosen as the membrane material. Palladium provides high hydrogen
permeability, while silver increases the durability at high temperatures and long-term stability of
the membrane. The membrane thickness is minimized to reduce the diffusion component of the
permeation, while still guaranteeing mechanical stability. For self-supporting membranes, it
ranges between spem = 100...150 um [86][88][90]. This can be further reduced if the
membrane is installed onto a support structure. The length of the membrane is chosen as large as
possible but capped at l,erm = 500 mm. Longer setups are inhibited by the hydrogen-induced
elongation of the membrane material, which occurs under operation [88].

Temperature

Permeator efficiency is coupled to achievable permeability, which correlates with
temperature. For palladium an increase in temperature results in increased permeability. However,
the membrane becomes increasingly prone to deformation as the melting point of the components
and the welding material is approached. At temperatures above 450°C the evaporation of silver
from the alloy begins to affect the long-term stability of the membrane in a substantial way.
Consequently, a constant temperature of 450°C within the whole reactor is assumed. A
homogeneous heating of the permeator membrane is achieved by direct ohmic resistance heating
of the membrane.

Pressure

For pressure-driven permeation the throughput scales linearly with the applied pressure
gradient across the membrane. Therefore, increasing the pressure applied by the upstream pump
of the permeator is desirable. The maximum pressure in the inner tube is limited by the stability
of the membrane and the tritium permeation restrictions to the environment. An absolute pressure
of 2 bar in the inner tube is set as the limit. Given the pressure level and short length of permeators
in use, the pressure of the inner tube is assumed to be constant, even though hydrogen does
permeate over the length of the membrane.

Simultaneously, the achievable pressure in the outer tube is limited only by the capability
of its vacuum pump. The experiments of [88] used a vacuum pump achieving a pressure of 1000
Pa over the whole length of the outer tube. Although for DEMO a more powerful vacuum pump
could be implemented as well.

Table 6.2:  Permeator parameters of a single finger type unit.

Description Variable Value Unit
Permeator length Iperm 500 mm
Membrane thickness Smem 125 pum
Inner tube diameter dfeed 10 mm
Inner tube pressure Dfeed 2-10° Pa
Outer tube diameter dperm 25 mm
Outer tube pressure Pperm 1000 Pa
Temperature Therm 450 °C
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6. The Inner Tritium Loop

6.1.2 Impurity Treatment and Plasma Enhancement Gas Removal

The placement of the different separation processes within the Exhaust Processing System
in relation to the palladium permeators depends on their impact on the fuel cycle. If the substance
in question is known to hamper the efficiency of palladium permeators - such as carbon monoxide
[91] or sulphur compounds [88] - the according process step must be placed upstream. On the
contrary, if additional protium or water is used to flush the exhaust stream in a process, it must be
installed downstream of the EPS to avoid distorting the balance of the fuel mixture. In any other
case, the process is preferably to be implemented as an intermediate step between the two
palladium permeator stages. This way on the one hand, the bulk of unbound hydrogen has already
been removed from the exhaust gas, which is beneficial to the efficiency of the cracking step. On
the other hand, the yield of the second permeator stage will be higher given the increased
concentration of unbound hydrogen in its input.

Whereas the noble gases present in the fuel cycle remain inert throughout all processing
steps, other elements show high reactivity with hydrogen. Given the high temperatures in the
tokamak vessel, the formation of these compound molecules containing hydrogen on a
considerable scale must be addressed downstream in the fuel cycle. Chemically bound hydrogen
is extracted from these molecules in a series of chemical processes to prevent tritium from
escaping the closed fuel cycle as part of the exhaust gas further down the loop. The concentration
of these compound molecules increases with the amount of particular non-hydrogen species. A
qualitative analysis of the expected impurities and associated separation processes is described
below as the degree of contamination is not quantifiable at this stage of the design. Chemically
bound hydrogen is treated as impurity unable to permeate the membrane, which effectively
reduces the obtainable yield. To quantify the fraction of hydrogen bound in a compound molecule
upstream a palladium permeator stage, the model introduces the parameter Cyunq. The following
species are considered:

Carbon

Carbon has a tendency to bind tritium in particular with the cause of long-term material
degradation. For this reason, DEMO in general is designed to minimize its contact with the fuel
gas. However, the use of steel as infrastructure material inevitably entails the presence of carbon
and consequently the formation of gaseous hydrocarbons (cf. Equation (6.1)) in the process gas.

C,+mQy 5 CprQom- (6.1)
The reaction can be reverted in a heated nickel catalyst bed, which provides a metallic surface for
the hydrogen to temporarily bind on. This process is part of the fuel cycle of JET [92] and is

foreseen as a process step in ITER [93]. In DEMO, this represents an intermediate step between
the two permeator stages.
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Nitrogen

If nitrogen is used as a PEG in the tokamak reactor - as indicated in Table 3.9 - the presence
of ammonia and tritiated ammonia isotopologues must be considered as a result of the chemical
reaction in Equation (6.2). This has been raised as a serious concern for the design of ITER [94].

N,+3Q, = 2NQs. (6.2)

Ammonia can be split into its individual parts using a similar nickel catalyst bed used for
decarbonisation [93] or a catalytic electrolysis as described by Glugla et al. [95].

Oxygen

Hydrogen bound in water is processed in the Water Detritiation System as part of the Outer
Tritium Loop and is currently not estimated to be processed in the EPS. If the quantity of water
is to be reduced prior however, a water gas shift reaction shown in Equation (6.3) using a copper
chromite catalyst (Cu,Cr,0z) can be implemented similar to the ITER approach [93]. The same
process can be used to reduce the carbon monoxide concentration. In that case, the addition of
supplemental water (H,0) into the Inner Tritium Loop must be considered.

CO + H,0 5 CO, + H,. (6.3)

Recovery of Non-hydrogen species

The recovery of non-hydrogen species is a question of economical nature and thus
secondary to the pre-conceptual design phase of DEMO. Of potential interest are the noble gases
*He, Xe and Ar. The former represents a rare and valuable by-product of tritium decay. The latter
two can be recovered with cryo-traps to form a closed loop of PEG gases. The different boiling
temperatures Ty, are given in Table 3.2. In that case, decay tanks are required prior to reinjection
as these PEGs become activated in the torus environment [28].

Modelling

Modelling of the PEG and Impurity Removal subsystems is not considered in detail within
the fuel cycle simulator given the yet poorly defined quantity of impurities. It is assumed that (i)
all ammonia is split in the Impurity Removal system block prior to the first permeator stage and
that (ii) a fraction (Choungg = 1.0 %) of all hydrogen upstream of the first permeator stage is
chemically bound, and thus does not permeate or contribute to the partial pressure of hydrogen.
Then, in the Catalytic Cracking system block - in between the two permeator stages - (iii) all
compound hydrogen is restored to its unbound molecular state (n¢rack = 1.00). For comparison,
for the ITER impurity processing facility a value of Cpoung rter(CnQm + NQ3) = 1.2 mol% and
a tritium recovery rate of 10%1 are assumed [96]. The Plasma Enhancement Gases argon and
xenon are removed in final step of the EPS with an assumed efficiency of npgg = 0.99. The
concentration of ®He throughout the fuel cycle is very small (<1-10° mol%). Its recuperation
would signify an additional setup of significant scale and is neglected.
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6. The Inner Tritium Loop

6.1.3 Permeator Modelling

Pressure driven permeation through the palladium membrane is implemented using the
approach described in Chapter 3.2. The permeator model in the fuel cycle simulator uses Equation
(6.4) - a variation of Equation (3.21) - which takes into account the presence of impurities and
different hydrogen isotopes [97].

J(Q = Hperm - Y(Q - 222 Pe(Q) - /B, (6.4)

where J(Q) is the permeation flow of a specific hydrogen isotope Q in mol/s and #¢, denotes
the number of permeators operated in parallel. Apery and syem are given by the permeator
dimensions in Table 6.2. The permeability Pe of the different hydrogen isotopes Q is calculated
at Tperm Using Equation (3.20) and the values in Table 6.3. The model assumes an ideal permeator,
which indicates infinite hydrogen selectivity and negligible material degradation over time. For
non-hydrogen species as well as hydrogen compound molecules these assumptions yield Pe = 0.

A 1-dimensional discretization into N finite volumes is implemented along the length of the
permeator. This captures the effect of the monotonous decrease of hydrogen partial pressure in
the inner tube towards the permeator back end. To evaluate a sensible degree of discretization,
multiple simulations are performed for N = 10, 25,50, 100 and 200. For N < 50 the results
differ considerably. Conversely, results for N > 50 deviate marginally from another but entail
increasing computational effort as N increases. Consequently, N = 50 is chosen. To account for
the dynamic input boundary, a transient mass balance is formulated in Equation (6.5) for every
species around each node.

dIn e Q:
Lnode@ = Froqe(@n — 1) = J(Q 1) = Froge(Q 1), (65)
where I,,4e (Q, ) denotes the time-dependent inventory of isotope Q in node n in the unit of mol.
Fnode(Q, ) represents the retentate downstream the same isotope and node. J(Q, n) is calculated
using Equation (6.4). Non-hydrogen species are calculated using the same approach. They simply
propagate through the inner tube and leave the reactor as part of the retentate.

The input stream is injected into the permeator as Freeq(Q) = Fhode(Q,0) at a total pressure
Preed- The retentate F,o4e(Q, N) is extracted at the end of the column. The sum of all permeation
flows represents the permeate output Fyerm (Q) = 25, /(Q n). As hydrogen diffuses through the
membrane as single atoms, the permeate leaves the device as isotopologues in thermodynamic
equilibrium at Tperm-

Table 6.3:  Pre-exponential and exponential factors to calculate the permeability for the three hydrogen isotopes
through Pd/Ag. Tritium permeation data are available for 673 K only [87].

Isotope  Pey (mol/(ms-vPa)) E, (J/mol) Source
Protium 7.63 1078 6600 [86]
Deuterium 3.37 1078 3980 [86]
Tritium Pe =6.6 -107° (at 673K) [87]
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Due to the permeation occurring, the mass balance of the inner tube forces either a reduction of
pressure over the length of the tube I,,oqe(n — 1) > I,04e(n) Or a decrease in flow velocity
Fpode(m — 1) > F,oqe(n). Given the high compression and short length of the permeator, the
pressure is assumed to remain constant. Rearrangement of ideal gas law yields the flow velocity
Vnode (1) @s a nodal variable.

RTperm “Frode(n)

Vnode (Tl) - Pfeed Tdfeed

(6.6)

A performance criterion - the efficiency 1,em 0f a permeator - is defined as the ratio of hydrogen
permeated F,erpy, OVer hydrogen fed Freeq.

Fperm

nperm - Ffeed(QZ). (67)

The theoretical limit of achievable hydrogen permeation 7y,e, Can also be derived from Equation
(6.4). Permeation ceases to occur, once the partial pressure of the permeating species - in this case
hydrogen - is equal on both sides of the membrane. For any given feed composition, the efficiency
of the permeator is maximized by increasing the pressure ratio. Also, the hydrogen content left in
the retentate is correlated to the capacity of the vacuum pump downstream the permeate. This
consideration is quantified in Equation (6.8).

_ Pperm Yperm(Q2)
Pfeed Yfeed(Q2) (1~Cbound)’

Mperm = Ttheo * errm = (6.8)
where yreeq(Q2) and yperm(Q2) denote the molar fraction of all hydrogen species combined in
the feed and permeate gas. The latter is given as yperm(Qz) = 1 due to the ideal permeator

assumption. A fraction of the hydrogen input Cpoung is bound as compound hydrogen and cannot
permeate.

For example, in the reference case, the input composition of the Exhaust Processing System
IS Yeeed (Q2) = 0.86. With Cpoungy = 1% this yields 7eo1 = 99.4 % for the first stage.
However, to achieve this ideal efficiency a permeator setup of infinite dimensions would be
required. Therefore, a dampening factor K,em < 1 is implemented in the assessment to retrieve

arealistic target value. For the first permeator stage in the Reference Design Point Kerm 1 = 0.95
is assumed, which yields a target efficiency of nperm; = 94.5 %.

The same procedure is applied for the second stage except that the retentate of the first permeator
stage constitutes the input boundary condition of the second stage. The intermediate catalytic
cracking is assumed at high efficiency Cpoungn = 1 % - Chound,1- 1he second stage dampening
factor is assumed identical to the one in the first stage at Kperm,i = 0.95.

Given these parameters, the permeation efficiency of the first and second stage nperm, and
Nperm,i1 Of any given throughput can now be related in dependency of the amount of permeators
used, #perm,1 and #perm 11, @S Well as for a variation of permeator parameters.
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6. The Inner Tritium Loop

6.1.4 Permeator Validation

To validate the code, a comparison is drawn between the results of the permeator simulation
and fusion-relevant permeator experimental data. For this purpose, minor changes are applied to
the process parameters in order to adapt the simulation to the boundary conditions of the selected
experimental setup [90].

Here, the membrane thickness deviates with spo;m = 113 um from the parameters listed in
Table 6.2. Furthermore, a single permeator is used in the experiment with a feed stream
Ffeeq = 3.24 - 10~* mol/s composed of helium and protium in a ratio of 15:1. All other model
parameters remain unchanged. This way, the model is validated only for the application of
protium. An extrapolation to the other hydrogen isotopes is given by consideration of the different
material properties, specifically the influence of the permeability defined by the values listed in
Table 6.3.

Figure 6.3 shows the hydrogen removal efficiency 1, e, Of the permeator for different membrane
temperatures 573 K < Tperm < 723 K and feed pressures 1 bar < pgeeq < 7 bar for both the

experimental and the modelling results. In general, an increase of the hydrogen removal efficiency
is observed for higher membrane temperatures and upstream pressures. 1,e,m Correlates with the

total amount of hydrogen permeated F,e. as per Equation (6.7), given that the throughput

upstream is fixed in the setup. Provided that in addition, the thickness of the membrane s, and
the outer ring tube pressure p,erm remain constant in the setup, the change in permeation flux j -

and thereby the amount permeated F,ery, - must correlate to the remaining parameters: the
upstream pressure preeq and the permeability Pe (cf. Equation (3.21)). Increasing preeq results in
a higher driving force applied over the membrane and yields larger amounts of hydrogen
permeated Nperm = f (y/Preed)- The permeability of the membrane is tied to the temperature as
per the Arrhenius approach (cf. Equation (3.20)).

80 , : i . _ .
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Figure 6.3:  Hydrogen removal efficiency over temperature for various upstream pressures between 1 and 7 bar. The graph shows
a comparison between experimental data (black lines and dots) [90] and simulation results (coloured dots)[89].
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For low pressures (preeq = 1 ...2 bar) an inflection type behaviour can be observed for
Nperm IN both the experiment and the model, where in the temperature range of 623 K < Tyerm <
673 K, Nperm increases whereas for higher temperatures (Tyerm > 700 K), it stagnates. This
phenomenon results from processing large fractions of inert gas while applying a low upstream
pressure. In detail, as the temperature increases, so does the amount of hydrogen permeating
through the membrane, especially at the beginning of the permeator, where the driving force is
the highest. As nperm correlates to the integral amount of hydrogen permeated, for the overall
hydrogen removal efficiency to stagnate at higher temperatures, less hydrogen must then permeate
within the latter half of the permeator. For a constant total pressure over the length of the upstream
tube, less hydrogen equals more inert gas, which - in the context of the experiment conducted -
represents an accumulation of helium (as observed during the experiment [90]). As the velocity
in the inner ring tube is tied to the upstream pressure as per Equation (6.6), for low pressures
(preea < 2 bar) hydrogen is not propelled to the rear end of the permeator in sufficient quantity
to make use of the increased permeability at high temperatures, whereas for high pressures
(Pfeeq > 2 bar) the phenomenon vanishes.

For a pressure of pr.eq = 1 bar, the model overpredicts the achievable hydrogen removal
efficiency of the permeator. The maximum deviation between model and experiment, at the
boundary condition of T,¢,, = 573 Kamounts to an absolute deviation of An,ery = 2.33 mol%.
At a feed pressure of preeq = 2 bar, the inflection type behaviour observed in the experiment is
reproduced by the model, but less pronounced. For low temperatures higher yields are calculated
(Anperm < 1.73 mol%), whereas for higher temperatures a lower efficiency is predicted
(Anperm = —2.18 mol%).

Within the pressure range of 3 bar < preeq < 5bar, a good agreement between
experimental data and model can be observed. Specifically, the hydrogen removal efficiency is
predicted by the model with a maximum relative deviation from the experiment of 2 % for all
temperatures.

At particularly high pressures ps.eq = 7 bar, Santucci et al. [90] report a singularity where
the hydrogen removal efficiency reaches a plateau for temperatures Tyerm > 623 K, without
providing an explanation for the phenomenon observed. In contrast, the model assumes an ideal
system and obtains increasing hydrogen removal efficiencies for higher temperatures. Hence, the
model in the presented form cannot be validated for upstream pressures pfeeq > 5 bar and the
addition of a dampening function must be considered for applications at high pressure.

For the process parameters envisaged in the fusion cycle (p = 2 bar & T = 723 K), the
relative deviation is calculated in Equation (6.9).

Tperm (simulation) 28.57 mol%

Nperm (€Xperiment) - 30 mol%

1 = 4.78 %. (6.9)

This error is sufficiently reflected in the simulation for a dampening factor K,erm = 0.95 as

assumed above. As a result, the model approach is regarded as valid for the purpose of providing
a good estimation of the permeator performance in the fuel cycle.
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6. The Inner Tritium Loop

6.1.5 Permeator Modelling Results

After initialisation or a shift in input quantity and composition, the permeator model
converged to a steady state solution within less than 60 iterations steps (at a step size of 1 second)
once the deviation has propagated through all nodes. In stand-alone, the simulation computes at
a rate of (50 ...200) x real time, depending on input perturbations. In case of strongly reduced
input, e.g. if no bypass stream (9) replaces the torus exhaust stream (8) during the dwell period,
the solver fails as nperm €Xce€dS Nheo and the permeator feed side is deprived of hydrogen.
Therefore, the fuel cycle simulator ensures that the feed stream remains within the same order of
magnitude at any time.

Figure 6.4 depicts the hydrogen fraction yq, of the upstream tube over the length of the permeator
for both stages and for variations of several process parameters. In all figures, y,, decreases in

value over the length of the permeator from inlet to outlet (0 cm — [ - 50 cm). The gradual
decline of the hydrogen fraction in the inner ring tube results from the increasing permeation of
hydrogen to the outer ring tube, whereas non-hydrogen species remain. The total amount
permeated correlates a separation efficiency n,em as per Equation (6.7).

Overall a high permeation rate (7perm > 70 %) is observed. Therefore, the discrepancy of

permeabilities for the different isotopes is found to have only a minor impact on the output. The
heavier isotopes are simply extracted further downstream in the permeator setup.

The reference case, which incorporates the performance requirements and process parameters set
in the modelling section, is marked in green in all instances. Table 6.4 lists the throughput and
composition of the input and output streams of all subsystems of the Exhaust Processing System
for the Reference Design Point.

The number of permeators required for the reference case are #,e,m,y = 37 in the first stage and
#perm,1 = 8 In the second stage, which yields hydrogen removal efficiencies of nperm; =
94.87 % and npermu = 94.39 %, respectively. This corresponds to permeation fluxes of
Jperm1 = 139.99 Pam®/(s m?)and jperm = 36.53 Pam®/(s m?) as well as retrieval of
Nperm,i+11 = 99.71 % of the hydrogen input.

Table 6.4:  Throughput and composition up- and downstream of both permeator stages for the Reference Design Point.

y(imp) indicates the combined fraction of all impurities part of which y(bound) is the fraction of compound
hydrogen. Isotopologues are omitted for readability.

Ffeed,l Fperm,l Fret,l Ffeed,ll Fperm,ll Fret,II .
Stream ®+) @ +@ Unit
F 109.49 80.99 28.49 28.49 4.95 23.54 (Pa-m?/s)

y(H) 0.96 1.23 0.19 0.22 1.00 0.02 (mol%)
y(D) 43.08 55.25 8.49 9.37 55.37 0.69 (mol%)
y(T) 33.94 43.53 6.69 7.40 43.63 0.54 (mol%)
y(imp) 22.02 - 86.17  83.01 - 98.75  (mol%)
y(bound) 0.79 - 3.00 0.0 - 0.0 (mol%)
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Figure 6.4:  Hydrogen fraction profiles of stream in the inner tube - the upstream chamber of the permeator - over the length of

both permeator stages for six process parameter variations a) through f). The reference case is always marked in black
colour and only a single parameter is modified in each case. The first permeator stage is denoted as a continuous line,
whereas the second stage is denoted with a dashed line. Downstream the first permeator stage, chemically bound
hydrogen is cracked. This results in an increase of the hydrogen fraction upstream the second permeator stage. This
effect is displayed between a) and b) as Ay, .

a) for a varying number of permeators in the first stage.

b) for a varying number of permeators in the second stage.

c) for avarying fraction of hydrogen input to the first stage.

d) Logarithmic plot of b) which displays the approximation to the theoretical limit.

e) for a variation of the feed pressure in both stages.

f) for a varying amount of chemically bound hydrogen input to the first stage Cpouna,-

Four parameter studies are performed, varying the number of permeators as well as the
upstream composition and pressure. The efficiencies nperm Obtained for the parameter studies,
shown in Figure 6.4 a) - ), vary as listed in Table 6.5.

60



6. The Inner Tritium Loop

Table 6.5:  Hydrogen removal efficiencies of the parameter studies. The plots and colours refer to Figure 6.4. In comparison, the
reference case in black is given as nperm,; = 94.87 % and Nyermn = 94.39 % for all parameter variations.

Plot variation Nperm,1 Nperm,l1 Unit
of green blue green blue
a)+b)+d) #perm 98.35 89.03 94.76 79.80 (mol%)
C) Yfeed 94.62 95.31 91.19 97.15 (mol%)
e) Pfeed 86.39 98.82 72.90 95.27 (mol%)
f) Chound, 84.04 94.46 69.37 87.98 (mol%)

Figure 6.4 a) shows the hydrogen fraction over the length of the first permeator stage for the
boundary conditions of the Reference Design Point and a varying number of # ., ;. The output
of the first stage is fed to the second stage depicted in Figure 6.4 b), where a similar parameter
study is conducted for a varying number of #,.., ;. Both figures display the dependency of
permeate yield on the increase in permeation area. For the same upstream boundary conditions
(g, = 78 mol% at [ = 0cm), setups with higher number of permeators and thus larger
permeation area, yield increasingly larger permeation fluxes as per Equation (6.4). Therefore, the
hydrogen fraction in the upstream progressively diverges over the length of the permeators and
the obtainable hydrogen removal efficiency scales with the amount permeators used.

A notable detail is revealed by the logarithmic plot of the second stage, which is shown in Figure
6.4 d). As can be observed for the dashed green line in the latter half of the permeator stage, yq,
and thereby the permeation throughput begins to stagnate once the theoretical limit is approached.
For setups with very high hydrogen removal efficiencies, the pressure difference approaches zero
towards the end of the permeator leading to an asymptotic behaviour and acts as a soft cap to the
permeator design.

A mismatch can be seen between the output of the first stage and the input of the second stage
indicated as Ay, between the two plots a) and b). This discrepancy represents the decomposition
of hydrogen compound molecules in the catalytic cracking step, which increases the fraction of
hydrogen gas upstream the second stage. For the RDP a value of Cy,oynq; = 1 mol% is assumed,
which correlates t0 Fyounq1 = 0.86 Pa- m?®/s. For the assumed perfect retrieval of hydrogen
(merack = 1.00) in the intermediate cracking step, this yields an increase of the hydrogen fraction
upstream the second permeator stage of y,, (Freed,it — Fret;) = 3-15 mol% (cf. Table 6.4).

Figure 6.4 c) and e) depict the influence of modifying the input composition yseeq and upstream
pressure preeq, respectively. In the former, the curves converge towards the permeator end,
indicating that the setup is less sensitive to this parameter. As the fraction of hydrogen increases,
so does the driving force Ap. This leads to a self-regulation of the hydrogen recuperation
efficiency for a fixed permeator setup with varying input compositions. Comparing Figure 6.4 a)
and e), a change in feed pressure yields comparable results as modifying the amount of
permeators. From Equation (6.4) the influence of both parameters is equivalent for a change

AAperm 2 /Abrecd, 9iven that all other parameters remain constant. Again, for a setup using an

upstream pressure, the molar fraction of hydrogen approaches asymptotically the theoretical limit
towards the end of the column.
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For a variation of the concentration of compound hydrogen Cyoung; in Figure 6.4f), a
convergence of permeator performance - similar to Figure 6.4 c) - can be observed in the first
stage. As the value of Cyoyngq, increases, the permeator efficiency of the first stage drops and the
permeation duty is shifted to the second stage. For Cyounq1 = 10 % the second stage is only able
to withdraw as much hydrogen as is set free in the intermediary catalyst bed. This can be observed
by comparing the hydrogen fraction at the back-end of both stages for the orange curve in Figure
6.4 f). To counteract the loss of hydrogen removal efficiency given in Table 6.5, additional
permeators are required in the second stage of the permeator setup.

In conclusion, the obtainable hydrogen removal efficiency of a permeator setup is best regulated
by adjusting the amount of permeators and the upstream pressure as these parameters display a
strong influence on the molar fraction of hydrogen over the length of the permeator. In both cases,
optimization of the hydrogen removal efficiency is constrained by the theoretical limit. Such a
setup consistently yields similar hydrogen removal efficiencies even if the hydrogen fraction
upstream deviates over time. The distribution of permeators between the first and second stage is
governed by Cpound,-

6.2 Isotope Rebalancing and Protium Removal

The Isotope Rebalancing and Protium Removal (IRPR) System comprises two tasks: (i) to
re-establish equimolar fractions of deuterium and tritium in the fuel gas and (ii) to limit the
protium contamination within the Inner Tritium Loop. Both contribute to maintaining peak
performance of the fusion reaction. The Temperature Swing Absorption (TSA) process has been
identified as suitable technology approach as it fulfils both requirements in a single process step.
The implemented TSA model includes a two-column setup [98]. The modelling procedure is
summarized in [99]. This process has evolved from a simpler setup using a single sorption column
in conjunction with a buffer tank [100].

6.2.1 Temperature Swing Absorption Boundary Conditions and Setup

Sole input of the IRPR system is the pure hydrogen permeate from the EPS (Fiyt 12).
The expected input - given for the RDP in Table 6.1 - shows a disproportional mixture of DT
(D: T =56 :44) as derived in Equation (6.10). The imbalance stems from the deuterium NBI
source assumed for the reference case in Chapter 3.5.

FintL (YiNTL(D2)+0.5-yiNTL(HD)+0.5yinTL(DT)) _ 47.48 _ 56
FintL (VinTL(T2)+0.5-yinTL (HT)+0.5-y N (DT)) 3741 447

(6.10)

The protium fraction in Fyypp, is about 1.2 mol%, which originates from hydrogen ingress,
quantified in Table 3.10. Two outputs are produced by the TSA process: (i) enriched deuterium
mixed with accumulated protium (Fjoy—¢ri¢ 30) and (ii) enriched tritium (Fyigh—trie @). For the
case of excess deuterium in the fuel cycle as assumed in the RDP, the former output is sent to the
ISS for decomposition, whereas the latter is forwarded to the GDCM to rebalance the fuel.
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6. The Inner Tritium Loop

As the achievable tritium enrichment reaches 90 %, only a fraction of the input must be processed
by the TSA. The required hydrogen composition in the output is adjusted by implementing a
bypass (Fyypass (19) to the GDCM at the input of the system. By modifying the bypass ratio, the

plant operators can create any desired fuel composition (Firpr @) within the boundaries of the
system’s capability.

The separation principle of the Temperature Swing Absorption process is based on hydrogen-
metal interaction, utilizing two metals with antagonistic absorption behaviour for the different
hydrogen isotopes. Among possible sorbent candidates, palladium and vanadium are chosen as
they show high separation factors and matching temperature and pressure ranges of operation
[99]. The process described in the following refers to a single setup with the column parameters
listed in Table 6.6. Scale-up to the DEMO throughput is performed thereafter.

Centrepieces of the TSA are two columns - each filled with one of the two absorbing metals
in the form of coated particles overflown by the mixture of hydrogen isotopes. The carrier material
and coating procedure are chosen to maximize the available surface of the sorbent. Porous
Kieselgur (SiO2) or crystalline alumina (y-Al.Os) is utilized for this purpose in practise
[100][101]. The ratio of sorption material to gas content determines the pressure range of the
system. Both columns are designed cylindrical in shape, narrow and long to limit axial diffusion
and enhance heat distribution. They are connected via a tube (diype = 3 mmand L = 3 M) to
form a large plug flow reactor over the length of both absorption beds. A valve is installed within
the tube to separate the columns as needed. Used in tandem, a sharp concentration gradient of
hydrogen isotopes forms over the course of several closed loop cycles of alternate heating, cooling
and pressure compensation. After the gradient has formed, the concentrated products can be
withdrawn from both ends of the column.

The setup of the Isotope Removal and Protium Rebalancing system is shown in Figure 6.5.

The TSA process is inherently of a discontinuous nature, which necessitates certain
infrastructure elements in the context of an otherwise continuous fuel cycle. Buffer tanks are
installed at the system boundaries that allow for quasi-continuous behaviour and thus seamless
integration into the fuel cycle at the expense of local process gas accumulation. Additionally, each
column is equipped with its own cooling and heating systems to allow for independent control of
the bed temperature.

Table 6.6:  Design parameters of the palladium and vanadium absorption columns used in the Temperature Swing
Absorption process.

Name Variable Palladium Vanadium Unit
Column length lcolumn 6000 6000 (mm)
Column diameter dcolumn 60 60 (mm)
Sorbent quantity Imetal 19.13 8.58 (mol)

Gas volume Veas 15.90 15.48 Q)
Initial hydrogen quantity Yolsum 11.65 12.61 (mol)
Upper pressure target Phigh >6-10° >7-10° (Pa)
Lower pressure target Dlow <5.10° <6-10° (Pa)
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Figure 6.5:  The Isotope Rebalancing and Protium Removal system consisting of the two Temperature Swing Absorption beds
(Pd- and V-Columns) and surrounding infrastructure.

Process Cycles

The two absorption columns are heated and cooled alternately which induces absorption
and desorption of hydrogen, respectively. This is accompanied by a shift of gas pressure and the
equilibrium state in each bed. Between each of these sorption phases (1. & 2. Sorption phase) the
valve connecting the two column is opened. The resulting gas flow equalises the pressure between
the two systems and once again shifts the equilibrium state in each bed (1. & 2. Flow phase). As
the hydrogen isotopes react differently with the two metals, they accumulate at different places
throughout the plug flow reactor. The process cycle is depicted in Figure 6.6.

This cycle is repeated multiple times in a closed loop until the isotope purity at the ends of both
columns is satisfactory, at which point hydrogen is extracted. This is conducted for each column
separately after the corresponding column has been heated (1. & 2. Withdrawal phase).
Thereafter, the amount of gas removed is replenished (Feed). In every extended cycle, 5 % of the
total hydrogen content is exchanged this way.

It is assumed that each cycle step is sufficiently long to reach reaction equilibrium throughout
both columns. For the modelling the cycle times are listed in Table 6.7. Thereby the closed and
extended cycle last for toseq = 1100 s and texiended = 1280 s, respectively. The temperature
ramp is calculated as a linear heating and cooling rate spanning the whole length of the sorption
phase.
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Figure 6.6:

both columns for each of the seven phases. Grey boxes represent phases of the extended cycle only, where matter is fed or

withdrawn.
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6. The Inner Tritium Loop

Table 6.7:  Duration and column temperatures of the seven phases of the Temperature Swing Absorption model for the
palladium and vanadium columns. Phases marked in grey are part of the extended cycle only.

Cycle phase Duration Column temperatures
t (s) Tpq (K) Ty(K)

Feed phase 60 293 323

1. Sorption phase 250 ramping up ramping down
1. Withdrawal phase 60 413 273
1. Flow phase 300 413 273

2. Sorption phase 250 ramping down ramping up

2. Withdrawal phase 60 293 823
2. Flow phase 300 293 323

6.2.2 Temperature Swing Absorption Modelling

The separation effect is based on the different material properties of palladium and
vanadium (cf. Equation (3.17)). While palladium favourably binds lighter hydrogen atoms
(Kyp > 1), vanadium prefers to absorb heavier isotopes (Kyp < 1).

The equilibrium pressure of pure hydrogen isotopes can be calculated as a function of the
hydrogen isotope saturation cq,v and the temperature T for each metal from material properties
values extracted from the literature. Appendix A4 shows the process cycle in the pcq v - diagrams
of palladium and vanadium. The calculation formula is given for both in their respective section
and varies for different states of absorption. As the concentration of absorbed hydrogen increases,
the lattice structure of the metal shifts. These phase transitions are accompanied by an isobaric
plateau, which exhibits large reversible absorption capabilities for constant reactor parameters
well suited for the TSA process. A study on the hydrogen absorption behaviour and isobaric
plateaus is given in [102]. Given the prominent presence of catalytic surface and desorption
processes taking place in the absorption beds it is assumed that mixture isotopologues form in the
gas phase.

Mass balance

By linking the concentration of hydrogen in the solid phase to the pressure in the gas phase,
Equation (6.11) can be solved.

Isym(Q) = Igas (Q + Lsoia(Q, (6.11)

where Ig,5 (Q) denotes the amount of molecules of a hydrogen isotope Q in the gas phase, which
is tied to the equilibrium pressure p.q by the ideal gas law - and I,);4(Q) denotes the amount of
molecules of that hydrogen isotope absorbed in the metal lattice, which is tied to the hydrogen
isotope concentration in the solid phase cq v as per Equation (3.14). I, (Q) represents the sum

of both. All inventories are given in the unit of mol.

To model the hydrogen concentration profile within both columns, each is discretized into
N nodes in a single dimension along their length. Again, multiple simulation runs are conducted
at N = 10,25,50,100 and 200 to obtain a reasonable compromise between the resolution of
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6. The Inner Tritium Loop

results obtained and the computation time required. At N = 50 and N = 100 similar results are
produced. In comparison, for N < 50, the results deviated substantially. For a simulation with
N = 200 the program crashed repeatedly indicating a computational limit to the single-core
simulation capabilities. Consequently, N = 50 is chosen.

In the context of the palladium column, npq = 0 correlates to the withdrawal point for tritium
enriched species and new matter is fed at npg = 25. For the vanadium column, ny = 51
represents the output of detritiated hydrogen. The connection tube is given as a single node nyype
and represents the boundary condition between the two columns n,pe = npg(N + 1) = ny(0).
The transient mass balance for a single node n is written in Equation (6.12).

Slsum n
—2 B = F(Qn—1) = F(Qn) + Freed * Yreea(Q), (6.12)

where F(Q,n — 1) and F(Q, n) denote the nodal input and output flows calculated by Equation
(6.18) with the boundary conditions (6.13) to (6.17). Streams F may assume negative values
depending on the direction of flow given the definition of Equation (6.12).

Closed valve boundary F(Q0)=0 & F(QN)=0 (6.13)
During 1. Withdrawal phase Fpq(Q,0) = Faxtract - Ypa(Q,0) (6.14)
During 2. Withdrawal phase Fy(Q,N) = Fogtract * Yv(Q, N) (6.15)
During Feed phase Freed = Ffeed,cont (6.16)
During 1. & 2. Flow phase Fy(Q,0) = Fpg(Q,N) (6.17)

All flows are assumed as laminar tube flow, which can be modelled by the Hagen-
Poiseuille equation. Between two points within the absorption beds the molar flow F is calculated
by combining the Hagen-Poiseuille equation [103] with the ideal gas law in Equation (6.18).

F=2.L.% P , (6.18)

where Ap denotes the pressure difference between the two points, p and T denote the volumetric
average pressure and temperature between the two points in K and Pa, respectively, [ denotes the
distance between the two points and d denotes the characteristic diameter of the absorption bed
in m. uyyq is the dynamic viscosity of hydrogen in Pa - s, which is calculated as a function of T

and p in a quadratic interpolation of data points taken from [98] in Equation (6.19).

2
Evd — 8398 +0.021 - .~ — 836626 - 1076 - > +2.16- 1077 - 2, (6.19)
Pa's C C Pa

with the viscosity of hydrogen pyyq in 107° Pa - s, the gas pressure p in Pa in the range of
10* Pa < p < 107 Pa and the gas temperature T in °C in the range of —100 °C < T < 300 °C.

The column hydrogen inventory is initialized with a uniform molar ratioof H: D : T= 2: 49:
49 throughout all nodes of the column.
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Palladium

Nishikawa et al. [104] calculates the equilibrium constants Ky and Kyt of palladium as:

Kip(Pd) = 0916 - exp (20), Kuyr(Pd) = 1.21 - exp (o), (6.20)
with the temperature T in K. As palladium absorbs hydrogen it forms an alloy (PdQx) that changes
structure with increasing hydrogen concentration as the metal lattice changes from an a-state at
low concentration to a 3-state at higher concentrations. To calculate the equilibrium pressure peq
in the range of operation of the absorption beds, the phase change must be considered. In the
literature both the a- and the B-phase as well as the intermediate af3-phase are described for all

three hydrogen isotopes. The threshold concentrations of the phase transition are given in
Equation (6.21):

In the a-phase, at low concentrations cqq < 0.03 of hydrogen in the metal lattice, the
equilibrium pressure peq() in bar is calculated using Sieverts’ law (cf. Equation (3.18)), where

the Sieverts’ constant K is derived in Equation (6.22) from the sorption enthalpy and entropy
(AHg and ASg in J/mol and J/(mol - K), respectively) of the metal hydride:

—AHS+ASS~T) (622)

Ks = exp( 2RT

In the aB-phase the influence of a change in concentration on the equilibrium pressure is
negligible. The bulk of absorption takes place in this phase almost isobaric. The Van’t Hoff
Equation (6.23) links the equilibrium pressure peq(ap) in bar to the enthalpy AH; and entropy

AS; of formation in J/mol and J/(mol - K).

Peq(aB) —AHfqp +AStap T
“bar | XP (—RT ) (6.23)

In the B-phase a small variation in concentration causes a large change of the equilibrium pressure.
Wicke et al. [105] provide the correlation shown in Equation (6.24) between the two as an
extension of the Van’t Hoff plot into the B-phase:

peq(B) = exp <_AHf,B+ASf:B'T + 2ln (M)) (624)

bar RT 1-cq/m

The enthalpy and entropy of formation assume concentration-dependent values in the B-phase.
Sicking [106] provides an empirical formula to calculate the enthalpy of formation for palladium-
Hydride in dependence of the concentration as described in Equation (6.25).

AHf,B = Cl . CQ/M + Cz. (625)
In the three phases, the enthalpies and entropies indicated in Equations (6.22), (6.23) and (6.24)
differ for the three hydrogen isotopes. For the model, the material properties are implemented

using an interpolation based on a collection of experimental data performed by Lasser et al. [107].
The data is listed in Table 6.8 and given the interpolation associated with uncertainties.

68



6. The Inner Tritium Loop

Table 6.8:  Molar enthalpies and entropies of sorption and formation for the three palladium-hydride isotopes and the three
metal phases including the uncertainty are given by the annotated source.

Palladium-Hydride H, D; T, Unit Source
AH, 19.34 15.78 13.83 (k] /mol) [107]
o-phase o 107.1 106.2 1038 (J/(mol-K))  [107]
op-phase AHg g 39.00+0.54 35.35+0.48 33.34+1.00  (kJ/mol) [107]
AStog 92.53+1.32 93.42+1.25 91.69+2.89 (J/(mol-K))  [107]
Ay C, -90016.2  -90016.2  -90016.2 (=) [106]
B-phase ’ C, 100357.60 95542.78 92319.94 (=) [106]
ASgg 107.11 106.27 102.93  (J/(mol-K))  [107]

Vanadium

Golubkov et al. [108][109] calculate the separation factors Kyp and Ky for vanadium as:
log1o Kup(V) = 0.36 — 158.5-T1, log,o Kyp(V) = 0.284 — 154.3-T~1.  (6.26)

As hydrogen is absorbed by vanadium several phase changes occur. The system is designed to
target a pressure plateau in the given pressure range, which occurs for all three isotopes at high
concentrations. In this plateau vanadium(ll)-hydride begins to form. The two-phase state can be
observed between certain concentration thresholds given in Equation (6.27).

com(V,a = af) = 0.88, comV,af = B) = 2.0. (6.27)

Although referred to differently in the literature, the phase change is labelled as between a o-
phase and a B-phase to mirror the nomenclature used for palladium. Below the transition point -
at hydrogen concentrations ¢ < 0.89 - Mueller et al. [110] propose a semi-empirical formula to
calculate the hydrogen pressure for vanadium (Equation (6.28)).

In |22 — 10,283 + 1.0598 - In (&) — 29, (6.28)

Torr 0.89—-cq/m

with peq(a) as equilibrium pressure in Torr, T as temperature in K and ¢ as substitution
parameter given in dependence of cq v in Equation (6.29) and the unit of K~1[110].

9 = 3489.2 + 3269 - cq/m — 2563 - cq/m> + 762.39 - cq/m’ — 48183 - cqum*. (6.29)

Isobaric absorption governs the transitional af-phase. The equilibrium pressure can be described
in dependence of temperature as shown in Equation (6.30) [111][112].

logy, (peq(aﬁ)) = —C;- T+, (6.30)

bar

with peq(aB) in bar. Beyond the second threshold cq v > 2.0, the equilibrium pressure peq(B)
- also in bar - rises exponentially with increasing hydrogen concentration. This is approximated

fromagraph in [111] with a simple damping function implemented in Equation (6.31). The values
of the Constants C3 — Cs used in Equations (6.30) and (6.31) are listed in Table 6.9.
loglo(peq(ﬁ) . bar‘l) =—C3- T +Cy+Cs- (CQ/M —comV,a - B)). (6.31)
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Table 6.9:  Vanadium-Hydride equilibrium pressure parameters for the afy and p phases given as interpolation of experimental
data from [111] [112].

Vanadium-Hydride H, D, T, Unit Source
Cs 2103 2622 2407 (1/K) H: [111]
op-phase 734 86 7.8 =) D+T: [112]
B-phase Cs 10 10 10 (=) this work

6.2.3 Temperature Swing Absorption Modelling Results

Given the cyclic nature of the Temperature Swing Absorption with periodic shifts in
boundary conditions, a repeating pattern can be observed. To display the output of the model,
Figure 6.7 illustrates key process variables observed in both the palladium and vanadium column
over the course of two exemplary consecutive cycles. First, Figure 6.7 a) illustrates the
temperature (T) evolution of both columns, which represent an input parameter and alternate
between an upper and a lower temperature as defined for both columns in Table 6.7.

Next, the development over time of the average column pressure p is given in Figure 6.7 b).
Several observations can be made here:

(i) Induced by the change in temperature in the Sorption phases (cf. Point A in Figure 6.7), the
column pressure rises or drops. In this context, a decrease in column temperature entails a
drop in pressure, which is tied to hydrogen progressively absorbing into the metal bed. The
equilibrium pressure is calculated as a function of temperature as described for the two metals
in the previous section.

(ii) Inthe Flow phases (cf. Point B in Figure 6.7), the pressure of the two columns converges. By
opening the valve in the connection tube between the two columns, matter is transferred to
equalize the pressure between the two columns following Equation (6.18). As the pressure
compensation overlaps with ab- and desorption, the pressure gradient during this process is
not equivalent in the two columns. Additionally, depending on the gaseous content and
pressure difference, the pressure of the two columns is not necessarily fully equalized at the
end of a Flow phase (cf. Point D).

(iii) When matter is added to or withdrawn from a column, the pressure changes accordingly. This
occurs for the Pd-Column in the 1. Withdrawal phase and the Feed phase and for the V-
column in the 2. Withdrawal phase (cf. Point C).

Then, the concentration of bound hydrogen in the metal ¢,y is given for three different
locations throughout the two columns in Figure 6.7 c) as defined by the boundary conditions in
Equations (6.13) - (6.17): (i) the columns ends, where matter is withdrawn from (npg = 1,ny =
50), (ii) the middle of the column (n = 25) and (iii) at the point where the columns are connected
(npq = 50,ny = 1). cq/m changes over time as a function of the column pressure and
temperature. For increasing temperatures and decreasing pressure, desorption of hydrogen occurs
resulting in a decrease of cq/v (cf. Point C and F). Conversely, a decrease in temperature or
increase in pressure is followed by absorption and an increase of cq,u. The concentration
evolution is given by the equilibrium state described in Equations (3.18) and (6.24) for palladium
as well as Equations (6.28) and (6.31) for vanadium.
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Figure 6.7:  Development of the column a) temperature, b) pressure at the column ends and c) solid phase hydrogen concentration
at different locations for the palladium (Pd) and vanadium (V) absorption beds over different phases. Letters A
through G mark points of interest and are refered to in the text.
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This sorption processes are accompanied by transitions between the a, aff and B-phases for both
metals, which results in formation of concentration plateaus over the course of each TSA-cycle
in dependence of the threshold concentrations defined in Equations (6.21) and (6.27). Such a
plateau in the B-phase can be seen for the vanadium column in Figure 6.7 ¢) in Point E, where the
column pressure is high and the temperature low. To increase the cq v further above the upper

threshold requires the application of a large equilibrium pressure in the vanadium column. In
between the two thresholds, steep gradients of cq,y mark the transition of the metal through the

ap-phase (cf. Point F) during the two flow phases.

Depending on the position within the column, the transition occurs at different points in time. For
example, after initiation of a change in boundary conditions, the column ends (npq = 1,ny = 50)
reach the new steady state almost instantaneously. In contrast, at the connection point of the two
columns (npgq = 50,ny = 1), where matter passes through on its way to the other column, the
concentration shift occurs with a delay and is less steep. The different observations are based on
the narrow design of the column diameter, which limits the flow. This way, over the course of the
entire flow phase matter keeps transitioning from the high pressure column to the low pressure
column. Close to the connection point, the formation of the new equilibrium state is therefore
delayed. If the two columns are not in pressure equilibrium at the end of a flow phase, no full
phase transition from a- to B-phase can be observed in parts of the column (cf. Point G).

Currently there is no corresponding experiment to adequately validate the results obtained
in this work. Therefore, to check for model output consistency, the pressure profile obtained by
the simulation is compared to the behaviour of a comparable experimental setup including a
palladium-filled column subject to a cyclic heating. Scogin et al. provide the qualitative hydrogen
pressure evolution of a Pd-Column over the length of a single cycle [113] as shown in Figure 6.8
in conjunction with the pressure evolution of the equivalent TSA cycle obtained by the simulation.
The publication does not provide specific values; therefore, the graph is shown qualitatively.
Nonetheless, when scaled to the TSA process, the similarity of the two pressure evolutions is
observable, with a linear pressure increase in the 1. Sorption phase followed by two exponential
decays over the course of the 1. Flow and 2. Sorption phases approaching a very low pressure in
the 2. Flow phase.

— Experiment

—

" — Simulation

Pressure

S
Time

Figure 6.8:  Qualitative pressure evolution over the course of a single process cycle including two Sorption and Flow phases for
a palladium column implemented in the simulation (red) in comparison to a comparable experimental setup (black)
[113].
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Sequencing together several of these cycles leads to the formation of a distinct hydrogen
isotope concentration profile across the column. Figure 6.9 depicts the change of the hydrogen
isotope composition over time in Figure 6.9 a) as well as over the length of the column after a
sharp concentration profile is established in Figure 6.9 b) and c).

To enrich tritium in the Pd-column to a high concentration (yr, > 85 mol%), the model requires
about 10 cycles (the first 11000 s in Figure 6.9 a)), which are calculated at a rate of
(0.5 ...5) x real time. The initial hydrogen content - consisting of uniform equimolar DT - is
enriched with tritium to D : T = 12 : 88 in the palladium column over a period of 10 closed
cycles at which point, the semi-continuous process begins with a single extended cycle. For the
vanadium column the ratio obtainedisH : D : T = 2 : 72 : 26. The two products withdrawn from
the column at ny = 50 and npgq = 0 represent the isotope composition of Figw—_trit and

Fhigh—trit @, respectively.

Importantly, the extended cycles, in which matter is withdrawn and fed, must be spaced out to
account for the drop in product quality. Such a drop can be seen for tritium in the palladium
column at about t = 11000 s in Figure 6.9 a) and results from the introduction of new matter
during the feed phase. In the model procedure - for the boundary conditions of the RDP - an
amount of five closed cycles (N¢oseq = 5) followed by the extended cycle is found to be required
to repeatedly enrich tritium to yp, > 85 mol% and form a recurring cycle.

Once a stable pattern is established, the hydrogen isotope fractions in the gas and solid
phase can be displayed over the column length to conclude on the separation efficiency of both
columns. Such a profile is shown in Figure 6.9 b) for the Pd-column and Figure 6.9 c) for the V-
column. The fraction of tritium drops from yr, > 85 mol% at npq = 0 to yr, = 40 mol% at
npg = 50 and further to yr, < 30 mol% at ny = 50. Deuterium represents the dominant
counterpart to tritium throughout the whole TSA setup, given that the protium fraction in the feed
(yu,(feed) = 1.2 mol%) and thus overall protium column inventory remains low. Overall, the
separation of isotopes is conducted more effectively in the palladium column in comparison to
the vanadium column, given the larger separation factors of the metal (|Kyr(Pd)| > |Kyr(V)]).

The inverse properties of both metals resulting in opposing driving forces becomes evident when
comparing the gas and solid fractions yq, and xq, for the different isotopes in the two columns.
For palladium with a separation factor Kpt > 1, the tritium fraction in the gas phase surpasses
the tritium fraction in the solid phase (yr, > xr,), whereas for vanadium the inverse behaviour
is observable.

The logarithmic plots in Figure 6.9 d) and e) display the concentration of protium over the length
of both columns. Protium introduced into the TSA process accumulates in the vanadium column.
Given the strong separation effect Kyt in palladium the according column is deprived of protium
with a maximum of yy, < 0.1 mol% at npg = 50. Conversely, at the end of the vanadium

column ny > 40, protium accumulates up to yy, < 10 mol%.
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Figure 6.9 a):  Evolution of the hydrogen isotope fraction at both ends of the column over time after initialisation at t =
0 s. Figure 6.7 above represents the time window between 38000 to 40500 s and the dashed line marked F
denotes the point at which graphs b) through e) are recorded.
b)andc) Hydrogen isotope fraction in the gas and solid phase within the two absorption beds, both discretized over
their length into n = 50 nodes.
d)ande) Logarithmic plots of b) and c) to visualize the distribution of the protium fraction.
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6. The Inner Tritium Loop

Integration into the fuel cycle

Given the enrichment of isotopes achievable with the Temperature Swing Absorption
process, the discontinuous output during the feed and two withdrawal phases must be integrated
into the continuous fuel cycle environment using the buffer vessels up- and downstream the
column setup. The discontinuous throughput of the TSA setup can be expressed by the input
Freed disc during the feed phase as calculated in Equation (6.32).

Freeddise = 005 (Sofsum (Pd) + Tolsum (V) treea™ = 45.91Pa-m?/s.  (6.32)

The throughput of the two extraction streams and @) is given by the split fraction x as
K - Freed,disc aNd (1 — k) + Freed disc, IN dependence of the output requirements.

An equivalent steady state throughput Feeq cont OF an IRPR system is calculated from Feeeq qisc
with Equation (6.33). Depending on the bypass fraction chosen, multiple systems must be
operated in parallel to generate the throughput required for DEMO.

_ tfeed . i ~ . 3
Ffeed,cont - Nclosed textended ttclosed Ffeed'dlsc 041 Pa m /S‘ (633)
Given the expectable output quantities, the bypass ratio nyyp,ass Can be calculated by solving for
an equimolar fraction of DT as input to the GDCM in Equation (6.34).

0= F@ . (}I@(D) — Y@(T)) + Nbypass F@ ’ (y@(D) - y@(T))

(6.34)
+K - (1 - nBypass) ) F@ : (}’(D) - }’(T))i

where y(D) and y(T) denote the fraction of the deuterium and tritium isotope of the according
stream taken from Table 5.1 and Table 6.1. The split fraction is given as k = 62 % from solving
a mass balance equation for the IRPR system for any given isotope as per Equation (4.1).

For an equimolar DT composition, the bypass fraction is 7,ypass = 69.72 %. With a similar
calculation the amount of protium removed by the IRPR system can be calculated. The
concentration of protium drops from yg (H) = 1.22 % to y(H) = 1.05 %, which is equivalent
to 0.32 Pa- m3/s of protium removed. For an assumed protium ingress of 0.1 Pa- m?3/s in the
DIRL, the IRPR system can thus handle a maximum protium ingress in the INTL of 0.22 Pa-
m?3/s. These are equivalent to the values listed in Table 3.10.

To generate the steady state throughput a number of parallel TSA processes (#1g4) IS required.
This is calculated using Equation (6.35).

F@'(l—rlbypass) _ 26.02 ~ 64‘, (635)

H# =
TSA FFeed,cont 0.41

Where Freeq cont 1S Calculated in Equation (6.33) in dependence of many variables including cycle
times and the extraction quantity. Thereby this number can shift drastically if one of the
parameters is changed.
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When considering the hydrogen inventory implied by this setup, a need for optimisation is
apparent. Each TSA unit contains on average 24.28 mol of hydrogen inaratioof H: D: T =
0.4 : 52.2 : 46.4. This corresponds to 69.44 g of tritium per unit. The total IRPR system with 64
TSA units thus contains I, (IRPR) = 4.44 kg of tritium.

6.3 Inner Tritium Loop Summary

The Inner Tritium Loop comprises two system blocks. The numbers below refer to the
Reference Design Point.

Exhaust Processing System

The Exhaust Processing System block consists of a two-staged permeator setup with an
intermediary cracking step and subsequent removal of Plasma Enhancement Gases. 37 permeators
in the first and 8 permeators in the second stage recuperate more than 99.7 % of the hydrogen
throughput upstream the EPS (Fyr, = 85.94 Pa- m*/s (2)). Additionally, in a parameter study,
the influence of four process parameters on the hydrogen removal efficiency is examined: (i) the
upstream pressure, (ii) the upstream hydrogen fraction, (iii) the fraction of chemically bound
hydrogen and (iv) the amount of permeators operated in parallel per stage. The hydrogen removal
efficiency of the permeator setup exhibits a high sensitivity to the applied pressure and the amount
of permeators used, whereas the fraction of chemically bound hydrogen governs the distribution
of permeators among the two stages.

The Catalytic Cracking process splits compound hydrogen. PEG removal recuperates argon and
xenon from the exhaust stream. For the purpose of this work, this process step is greatly simplified
and implemented into the model with an assumed efficiency of ncrack = 100 mol% and npgg =
99 mol%, respectively.

Isotope Rebalancing and Protium Removal

The two tasks of the IRPR system to (i) rebalance the DT fuel mixture and (ii) remove
protium are both conducted by a Temperature Swing Absorption process. To handle the
throughput required by the fuel cycle, 64 TSA units process about 30 % of the input stream. The
rest is bypassed to form a rebalanced fuel stream upstream the torus. The semi-continuous nature
of the TSA process imposes the inclusion of buffer tanks and a considerable tritium inventory
Ir,(IRPR) = 4.44 kg.

The two outputs of the IRPR are enriched tritium at a mixture of D : T =88 : 12 as well
as enriched deuterium H: D : T=2:72: 26. The former stream is deprived of protium and
mixed with the bypass to counteract the disequilibrium of the deuterium tritium fuel mixture. The
enriched deuterium stream represents 18.77 mol% of the system block input and is sent to the
Outer Tritium Loop. Simultaneously, 0.322 Pa - m?/s of protium are removed within the INTL
from the input stream. This is equivalent to 30 % of the protium upstream the system block.
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7. The Outer Tritium Loop

7/ The Outer Tritium Loop

The Outer Tritium Loop (OUTL) represents the final clean-up stage of the torus exhaust
gas prior to discharge to environment and must primarily guarantee that tritium release to the
ambient matches the ALARA requirements. To obtain high separation factors and cope with the
different input streams, three interlinked large-scale processes are foreseen.

Process gas contaminated with residual tritium is handled in the first system block - the
Exhaust Detritiation System (EDS). Here, hydrogen remnants are converted to water vapour in a
combiner and liquefied in a condenser. Any residual tritium in the exhaust gas is flushed with
water in a Wet Scrubber Column. All non-hydrogen species traverse the EDS unaffected to be
emitted via the stack.

The tritiated water is collected and fed to the second system block - the Water Detritiation System
(WDS). Here a counter-flow column is used in tandem with an electrolyser in the Combined
Electrolysis and Catalytic Exchange (CECE) process to concentrate tritium in water and produce
a stream of detritiated gas at the top of the column.

Separation of pure hydrogen isotopes to a high degree of purity is achieved in a multi-staged
Cryogenic Distillation column setup. In tandem with equilibrators, that reduce the proportion of
mixture isotopologues in the system block, they form the Isotope Separation System (ISS) - the
third system block of the Outer Tritium Loop. The output of this system, in the form of
concentrated hydrogen isotopes is sent to the stack or the GDCM.

The OUTL with all system blocks and subsystems is depicted in Figure 7.1. The throughputs
between system blocks 49-@b for the Reference Design Point are listed in Table 7.1.

Table 7.1:  Throughput and composition of all streams connecting system blocks in the Outer Tritium Loop for the Reference
Design Point of DEMO.

F F F F F F F F _

Stream Q20 EDS elec WDS D, T, ISS stack Unit
) ) @ ) @ ® D)

F 4.22 55.78 2.95 53.10 12.16 427 360.80 469.68 (Pam?/s)

y(H,) —  <10° 77.89 7300 <10° <10® 9940 8461 (mol%)
y(HD) — <107 943 <10° <10% <102 060 046  (mol%)
y(D,) — <10 035 <10° >99.99 026 <10¢ 5.47-10° (mol%)
y(HT) -  <10® 10.87 <105 <10® <10 <10® 5.00-10° (mol%)
y(DT) — <10 088 <10%® <10®  4.87 <10® 4.34-10° (mol%)
y(T,)  — <108 059 <102 <10 94.87 <102 1.20-10%% (mol%)
y(H,0) 8627  0.62 — 2700 - - - 313 (mol%)
y(HDO) 7.01 <10* — <108  — - —  1.04-10* (mol%)
y(D,0) 018 <10° —  <10® - - —  85810° (mol%)
y(HTO) 6.05 <10 - <105  — - —  32410° (mol%)
y(DTO) 033 <10° —  <10°  — - —  8.03-10° (mol%)
y(T,0) 016 <10° — <102  — - —  1.89-10"% (mol%)
y(Imp) —  99.38  — — — — — 11.80 (mol%)
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Schematic diagram of the Outer Tritium Loop with the three system blocks Exhaust Detritiation, Water Detritiation
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7. The Outer Tritium Loop

7.1 Exhaust Detritiation

The detritiation process of exhaust gas foreseen for the DEMO is adopted from the current
JET detritiation setup [114] and includes the Wet Scrubber technology to be implemented at ITER
[115]. The setup is designed to treat the exhaust gas in a three-step procedure each representing a
subsystem of the EDS. In the first step, the remaining hydrogen is transformed into water by
forcing a chemical reaction with oxygen in a combiner. In the second step the mixture of water
vapour and exhaust gas passes through a low temperature condenser. The condensed water is
collected while the remaining gas stream is routed to a Wet Scrubber column. In this last step, the
concentration of residual tritium is minimized by forcing an isotopic exchange reaction with
distilled water.

7.1.1 Exhaust Detritiation System Boundary Conditions

The EDS is implemented in the fuel cycle to process gas mixtures of non-hydrogen species
contaminated with low fractions of tritium. Therefore, the exhaust gas downstream the Exhaust
Processing System (EPS) from the previous loop constitutes the primary input (3. At this point -
in the fuel cycle the species to be recovered have already been extracted from the exhaust which
leaves helium, nitrogen and hydrogen remnants including tritium.

However, there are other tritium contaminated gas streams from various sources throughout
DEMO that necessitate a similar treatment. These external system blocks produce exhaust streams
of different throughputs, tritium contamination levels and detritiation requirements.
Consequently, merging these inputs into a single EPS is not necessarily feasible. Following gas
flows are identified to require detritiation of some form:

(i) The Tritium Extraction and Removal System of the Outer Fuel Cycle produces an output
stream containing cooling agent contaminated with tritium @D. For one of the Breeding
Blanket concepts - the HCPB, which assumes the worst-case input of large quantities of
purge protium (cf. Appendix Al) this is assumed as input to the Exhaust Detritiation
System .

(ii) Inclusion of the secondary confinement of the DEMO fuel cycle is omitted as
quantification is not feasible at the current design stage.

(iii) The detritiation of air and ventilation systems of the power plant is relayed to an outside
system due to the huge disparity in boundary conditions.

The technical implementation to process streams (ii) and (iii) can be assumed structurally similar
way to the EDS presented in the following. Further inputs to the EDS are given by the supply of
oxygen and water for operation of the Combiner and Wet Scrubber column, respectively.

At the top of the scrubber column, the detritiated gas stream leaves the fuel cycle via the stack
20). The water accumulated in the condenser as well as downstream the scrubber column is sent
to the WDS system (19).
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7.1.2 Exhaust Detritiation System Setup and Modelling

To reproduce the Exhaust Processing System in the model, the main computational effort
revolves around the modelling of the Wet Scrubber column. The Condenser and Combiner are
represented as straight-forward conversion components and are assumed in steady state operation.
The modelling approach is briefly summarized here whereas the input and output quantities are
listed and discussed in the section hereafter.

Combiner

The combiner subsystem is implemented into the model as a single-stage catalytic
recombiner. The exhaust stream containing hydrogen is brought into contact with oxygen in a
palladium catalyst environment producing water steam und release of energy. For protium the
exothermic radical reaction is exemplified in Equation (7.1).

H, + 0.50, = H,0 + 238 k]/mol. (7.1)

A comparable setup is used as safety equipment in nuclear fission reactors to limit the
release of molecular protium in case of an accident. These recombiners operate at pressures
between 1 — 2 bar and temperatures between 0 — 100 °C. Given enough surface area of the
catalyst, the recombination reaction does not require external input in form of an activation
energy. Instead, autocatalytic conversion begins once the hydrogen concentration reaches a
threshold of 1 — 2 vol%. The recombination efficiency - defined as the molar ratio of hydrogen
reacting to water over hydrogen fed - is reported as close to unity ncomp > 99.9 % for these setups
[116].

Similar process parameters are implemented into the model. The reaction is modelled in
steady state, assuming an isothermal combiner temperature of T.,m, = 350 K and an isobaric
pressure of p.omp = 1 bar. No distinction is made between the hydrogen isotopes and reactions
of non-hydrogen species with any of the reactants are neglected.

Assuming the reaction enthalpy stated above and a conversion rate of ncomp > 99.99 %, the heat
released in the combiner to convert the hydrogen of the input streams (F, (@ + @) =
3.90 Pam3/s) amountsto P ~ 400 W. To fulfil isothermal combiner conditions, this heat load
must be dissipated. This way the combiner requires a steady-state input of oxygen equal to Fp, =
1.95 Pam3/s to maintain the reaction. Given the catalytic surface and the amount of energy
released in the combiner, the formation of water molecules is assumed in isotopologic equilibrium
at the given temperature. The output stream is calculated following the procedure of computing
equilibrium as described in Section 3.3.1. Unconverted hydrogen is propagated to and must be
accounted for in the connecting streams and the subsequent process steps.
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7. The Outer Tritium Loop

Condenser

The condenser subsystem is modelled as a single-stage heat exchanger, where the incoming
fluid is cooled to a temperature of T.,,q = 275 K. The steam generated in the combiner is
condensed here at a constant ambient pressure p.o,nq = 1 bar. Isothermal conditions are assumed
in the model, which are maintained by a condenser cooling infrastructure e.g. by running water
through the cooling channels. Assuming a constant heat capacity of water c,(H,0) =
75.4] /(mol K), nitrogen c,(N;) = 29.1] /(mol K) and helium ¢, (He) = 20.8 ] /(mol K) for
the given temperature range Teonga < T < T¢omp the required cooling capacity H.ynq IS estimated
in Equation (7.2).

Heona = Ziyi F(@ + @) : Cp(i) : (Tcond - Tcomb) = —57.5W. (7-2)

Given the small throughput combined with the large fraction of helium and nitrogen in the
fluid, the required cooling is negligible. The condensed liquid is collected and directed to the
Water Detritiation System, whereas a mixture of the non-hydrogen species, unburned hydrogen
gas, and a small fraction of water vapor remains in the gas phase. The water vapour concentration
in the gas phase is calculated by implementing the temperature-dependent saturation pressure
described in Equation (3.12) at the condenser temperature. The water vapour is assumed in perfect
mixture with liquid water, which results in an equal composition of isotopologues in both phases.
Exchange reactions of hydrogen isotopologues are neglected as they lack the catalytic surface and
high temperatures in the condenser.

Wet Scrubber

In the Wet Scrubber column liquid water (H,0) is brought into contact with the exhaust
gas. The gaseous output of the condenser is fed at the bottom of the column and streams upwards
through a catalyst bed. The purge water is fed at the top of the column flowing downwards,
resulting in a counter-flow arrangement, which promotes isotopic exchange between the liquid
and gas phase. The exchange reactions favour binding tritium in the liquid phase, which
constitutes the underlying separation principle. The inert exhaust gases are assumed to trespass
the column without any interaction. They are discharged as detritiated exhaust stream along with
protium gas at the top of the column.

The setup of the Wet Scrubber column is principally alike to the Liquid Phase Catalytic Exchange
column of the Water Detritiation System. Both systems are coded in a similar way in the model,
with a modified design for the Wet Scrubber column to cope with the large fractions of inert gas
running through the column instead of pure hydrogen. The detailed model procedure and results
of both detritiation columns are given in Section 7.2 and the column parameters are summarized
in Table 7.3.
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7.1.3 Exhaust Detritiation System Modelling Results

Table 7.2 lists the results of the EDS modelling including the Wet Scrubber output. The
consideration of water vapour in the gas stream leads to several remarkable observations. The
Condenser can rectify only 91 mol% of its Q,0 input, whereas the remainder escapes in vapour
form. Hence, a final clean-up step in the form of a dryer or scrubber column is a justified
requirement for any EDS setup.

The water stream produced by the EDS is small in comparison to the gas stream processed given
that the hydrogen in the input stream accounts for less than 7 mol% of the throughput with an
isotope ratioof H: D : T = 92.8: 3.9 : 3.3. The purge gas water stream inserted at the column
top is Fiy,0 = 0.67 Pa- m®/s. The high protium content stems from this source as well as the

purge gas used in the HCPB.

Given the values for the RDP listed in Table 7.2, the detritiation factor of the EDS system (D Fgps)
is calculated in Equation (7.3).

0.142

DFgps = 5.13-10~6

~ 27580. (7.3)

The Wet Scrubber column alone accounts for a detritiation of DFys =~ 2390. This corresponds
to an annual tritium release of 0.430 g/a, 99.97 mol% in the form of HTO vapour.

The impurities in the exhaust gas consist of nitrogen and helium (N, : 2He = 36 : 64) and small
fractions of unrecovered xenon and argon. If the scrubber column is operated in steady state for
an entire year, it expels 775.1 kmol/a of matter containing 54.2 mol/a of Ar and 25.4 mol/a of
Xe.

Table 7.2:  Throughput and composition upstream and downstream the three subsystems of the EDS system block.

Stream Combiner Condenser Output Wet Scrubber Output Unit
Input @+@D Output Gas Q,0 Gas Q,0
F 59.32 59.32 55.76 3.56 55.78 0.67 (Pa-m?®/s)
y(Hy) 6.03 <103 <1073 - 6.98-10 — (mol%)
y(HD) 0 <10* <10* - 1.61-107 - (mol%)
y(D,) 0.27 <10® <10® - 1.14-10" — (mol%)
y(HT) 0.05 <10* <10* - 4.70-10° — (mol%)
y(DT) 0 <10° <10° - 7.26-10" - (mol%)
y(T,) 0.22 <10°% <10° - 1.25-10% - (mol%)
y(H,0) - 5.597 0.51 85.14 0.62 92.29 (mol%)
y(HDO) - 0.50 0.05 7.57 4.01-10* 4.03 (mol%)
y(D,0) - 0.01 <1072 0.20 7.00-10°® 0.05 (mol%)
y(HTO) - 0.43 0.04 6.53 1.84-10° 3.50 (mol%)
y(DTO) - 0.03 <1072 0.37 6.67-10° 0.09 (mol%)
y(T,0) — 0.01 <1072 0.18 1.59-10° 0.04 (mol%)
y(Imp) 93.43 93.43 99.40 - 99.38 - (mol%)
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7. The Outer Tritium Loop

7.2 Water Detritiation

The Combined Electrolysis and Catalytic Exchange (CECE) process adopted in the Water
Detritiation System of DEMO is a combination of two separation principles each realized in a
subsystem. First, the Liquid Phase Catalytic Exchange (LPCE) process relies on the preference
of heavier hydrogen isotopes accumulating in water over their lighter counterparts, which remain
in the gas phase as hydrogen molecules). Within the column, tritiated hydrogen gas is flushed
with water in a counter-flow column packed with steel spacers and a platinum catalyst to improve
reactivity [117].

The second principle is based on isotope-dependent reactivity of water during electrolysis.
In a partial electrolyser, water from the LPCE column is continuously converted to hydrogen gas.
Over time the concentration of heavy isotopes increases within the liquid, while the hydrogen gas
is fed back into the column.

7.2.1 Water Detritiation System Boundary Conditions and Setup

Input to the WDS is the tritiated water generated in the Combiner and Wet Scrubber of the
EDS. Other potential sources where hydrogen is brought into contact with oxygen or water must
be considered as well. For example, tritium could permeate into the coolant water, which then
requires purification. Regardless of origin, the tritiated water enters the CECE process as input to
the electrolyser. Oxygen generated by the electrolysis is constantly removed from the process.

The purified hydrogen gas is withdrawn from LPCE column alongside some water vapour. It is
detritiated to the point that it can be discharged to the stack. The accumulated tritium is
continuously removed from the partial electrolyser, converted to hydrogen in a second total
electrolyser and delivered to the ISS system for separation of isotopes. The setup of the CECE
process is shown in Figure 7.2.

7.2.2 Water Exchange Column Modelling

The essential part of the LPCE modelling is given by a three-phase mass transfer. Within
the column, gaseous hydrogen molecules of each isotopologue Fg,s(Q) strive towards the top
whereas the liquid water F;q(Q,0) trickles downwards. Additionally water vapour FK,,,(Q,0)
forms at saturation pressure throughout the column and mixes with the hydrogen gas. The vapour
content throughout the column is calculated in dependence of a constant temperature T = 338 K
throughout the column applying Equation (3.7).

To model the column, a discretization into N nodes is chosen along its height, startingat N = 1
at the top of the column. In each node, the amount of each isotopologue in the gas, liquid and
vapour phases is correlated as indicated in Figure 7.2 assuming instantaneous equilibrium. Given
the packing material spread along the column all three phases are assumed in contact with each
other and the platinum catalyst. With these assumptions, the separation effect of the LPCE column
provided in this work is higher than in a real system. For this reason, a translation of into a height
of the column cannot reasonably be estimated by this model.
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Combined Electrolysis and Catalytic Exchange process flowchart comprising a counter flow column and a partial

electrolyser as well as the auxiliary boundaries. The discretisation of the Liquid Phase Catalytic Exchange (LPCE)
column is indicated at the right highlighting chemical interactions that occur in each node.

The relation of the six isotopologues in three phases considered are:

(a) Gas—Gas: Exchange reaction among gaseous hydrogen molecules occur at equilibrium
as described in Section 3.3.1 given the presence of the catalytic surface.

(b) Gas<—Vapour: The equilibrium of this reaction is calculated by applying the hydrogen-
water interaction elucidated in Section 3.3.3.

(¢) Gas—Liquid: Is

neglected

(d) Vapour«Liquid: Perfect mixture is assumed among liquid and water vapor.

(e) Vapour«—Vapour and (f) Liquid—Liquid: These interactions are already defined as the
superposition of interactions (a), (b) and (d). A separate definition of (e) and (f) results in
an overdetermined system of equations.
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7. The Outer Tritium Loop

In Busigin [41] the fraction of the exchange reaction (e) is discussed in comparison to (b). The
publication concludes that the overall mass transfer can be reasonably simplified to a two-phase
mass transfer by neglecting the gas«<liquid interaction, which is applied in this model. Finally, a
set of mass balances completes the system of equations by connecting the individual nodes, as
given in Equation (7.4).

Hhoa® = Feag(Qen +1) = Fpas(Qz,m) + Frap (0, + 1) — 7.0
Fvap(QZO'n) +Fliq(Q20:n -1 - Fliq(QZO;n)a '

where I;ot41(n) denotes the total inventory of an isotopologue Q2 in mol regardless of its state in
any given node 1 < n < N of the column. The detritiated gas is also removed at the column top
as Fgas(Qz, 1) + Kp(Q20,1). The in- and output streams from and to the electrolyser set the

boundary conditions at the bottom of the column: Fgs(Qz, N + 1) + Fap (Q20,N + 1) and
Fiq(Q20, N), respectively. All streams F are denoted in the unit mol/s. In steady state, the amount
of matter remains constant as described in Equation (7.5).

Liotai(M) = Xq, 1(Qz + Q20,n) = constant. (7.5)

The distilled feed water is inserted at the column top as F;q(Q,0, 0). It is assumed that the water
is supplied from an external source and consists of distilled water (pure H,O). The amount of
water used to continuously flush the column is given in relation to total hydrogen gas inserted at
the bottom of the column as the molar feed ratio A, defined in Equation (7.6).

A= Freed (H20) _ 20, F1iq(Q20,0)
Yq, Freed(Qz) X, Fgas(QzN+1)+Fyap(Q20N+1)

(7.6)

To maintain steady state conditions the total of the gas and vapour as well as the liquid stream
connecting the nodes are kept constant over time at a flow rate equal to the feed rates inserted at
the top and bottom of the column (cf. Equation (7.7)).

A- ZQZ Fgas(Qan) + Fvap(QZOf Tl) = ZQZ Fliq(QZOr Tl) = Ffeed (HZO)- (77)

The initial condition of liquid water inventory per node is given as a fraction of this value (z;q),
which fixes the starting boundary conditions of the column. With Equation (7.6), all streams
flowing throughout the column are described in relation to each other and dependence of the input
quantity ¥, Freed(Qz). This way, the column can adapt to a shift in the boundary condition.

The process is operated at a constant temperature T, throughout the whole column and a linear
pressure profile determined by the total feed gas pressure py,: at the bottom node of the column
and a set pressure drop per node Ap,, towards the top, which assumes a laminar flow of all phases
through the column. The column parameters of the LPCE column and the Wet Scrubber column
implemented in the EDS are summarized in Table 7.3.
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Table 7.3:  Assumed column parameters of the Liquid Phase Catalytic Exchange column in the Water Detritiation System as
well as the Wet Scrubber column of the Exhaust Detritiation System.

Description Variable  LPCE column  Wet Scrubber Unit
Column temperature Teol 338 338 (K)
Bottom node pressure Pbot 100000 100000 (Pa)
Pressure loss per node Ap, 100 100 (Pa)
Total node inventory Liotaln 6.6 1.0 (mol)

Electrolyser reflux ratio Creflux 0.93 - (=)
Liquid content Zliq 0.5 0.5 (mol%)
Feed ratio Y| 1 1 (mol/mol)
Number of nodes N 20 15 (-)

7.2.3 Electrolyser Modelling

In the electrolyser, water is split into hydrogen and oxygen. For all isotopes, the reaction
occurs in parallel but at different reaction rates, which is based on the fact that the required
dissociation enthalpy is comparably lower for lighter water molecules [118]. This isotopic effect
can be quantified in equilibrium by the separation factor K¢ Which weighs the fractions of two
individual isotopes A and B in the liquid and the gas phases. Equation (7.8) describes an
interpolation of literature data to calculate K, in a temperature range of 274 K < T < 333 K.

Katec(AB) = 2222 = ¢ - In(722) = C;, (7.8)
where z and y represent the molar fractions of any two isotopes A and B in water and hydrogen
gas in mol/mol, respectively. The constants C; and C, are listed for all isotope pairings in Table
7.4 for a steel cathode and nickel anode. If the reaction is carried out over a longer period with a
constant supply of new feed water, an enrichment of the heavier isotopologues in the liquid phase
can be observed.

In the model, the electrolyser is simulated as a single stage that operates in equilibrium and steady
state conditions (Tejec = 300 K, pejec = 1 bar, Iges = 5 mol) producing three outputs. Firstly,
the generated oxygen can be expelled from or reused in a different part of the fuel cycle, for
example in the combiner of the Exhaust Detritiation System. Secondly, the detritiated hydrogen
gas is recirculated as input to the LPCE column. Finally, the tritiated water accumulating in the
liquid phase is transformed to hydrogen in a total electrolyser and transferred to the ISS for further
processing. In the fuel cycle simulator this is assumed as a steady state stream withdrawn at the
bottom of the electrolyser for the sake of continuity. The quantities of the three outputs are tied
to the throughput of the LPCE with a reflux ratio C..qyx defined as the ratio of hydrogen gas
output over total input. All oxygen that is produced is removed from the system. The rest
represents the steady state output as tritiated liquid water.

Table 7.4:  Constants to calculate the separation factors of hydrogen isotopes of the electrolysis process [118].

Separation factor €4 C, Unit
Kelec(HD) 25.678 21.651 (-)
Kelec(HT) 86.257 80.163 (—)
Kelec(DT) 2.1042 0.0617 ()
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7. The Outer Tritium Loop

7.2.4 Wet Scrubber Column Modelling Results

Figure 7.3 plots the molar fractions of hydrogen gas y,,5(Q2) and water vapour y,,(Q,0)
of the separate gas and vapour streams Fy,s and F,,, over the height of the Wet Scrubber column
discretized into nodes, respectively. In both, the gas and the vapour phase a similar phenomenon
can be observed: protium dominates the column content and non-H, isotopologues are
increasingly stripped towards the column top (n — 1). This can be attributed to the separation
effect quantified in Equation (3.11) favouring lighter isotopes in the gas phase. The correlation
leads to two observable effects: (i) in combination with the abundance of protium in the column,
the mixture isotopologues HD and HT are found in larger quantity than their non-protium
counterparts and (ii) the fraction of heavier isotopes is up to a magnitude higher in the vapour
phase compared to the gas phase. Because of both these effects, residual tritium in the exhaust
stream is found almost exclusively in the form of HTO vapour gas.
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Figure 7.3:  Concentration profile of hydrogen isotopologues in a) the gas and b) the vapour phase within the Wet Scrubber
column discretized into N = 15 nodes along the height of the column from top (n = 1) to bottom (n = 15).
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7.2.5 Water Detritiation System Modelling Results

The molar fractions of hydrogen gas ys,5(Q2) and water vapour yy,,(Q,0) within the
LPCE column are plotted in Figure 7.4 for the separate gas and vapour streams Fg,s and K.

Similar to the Wet Scrubber column, non-protium isotopes are progressively removed from
bottom to top (20 —» n — 1). Again, the column content consists almost exclusively of pure
protium and most of the heavy isotopes accumulate in the liquid and vapour phases.

Deuterated species (DQ) are featured more prominently in the LPCE column in comparison to the
Wet Scrubber column given that the fraction of deuterium in the input is larger yi, pce(D) =

9.6 - yinws(D).
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7. The Outer Tritium Loop

Tritiated species are reduced to remarkable low concentrations at the top of the column n =1
near the exhaust to yy,,(T,0,1) < 1-10~**mol/mol.

The input and output streams of the CECE setup are listed in Table 7.5. The large
throughputs of the electrolyser and LPCE column stem from the reflux ratio Cp.qux, Whereby the
gas output of the electrolyser equals 93 mol% of its input.

The heavy isotopes accumulate in the electrolyser with a liquid compositionof H: D: T = 88:
5.5 : 6.5. Given, the high fraction of protium most heavy isotopes are bound in the form HQ
isotopologues. The remaining fraction of the input 1 — Crequx = 7 mol% is then transformed
from water to molecular hydrogen in the total electrolyser to form one of the input streams to the

ISS (Felec @)

The detritiation factor of the CECE system block (DFyps) is calculated as the ratio of the tritiated
input 9+@ over the LPCE gas output @.

0.191

DFwps =
This corresponds to an annual tritium release of 0.208 g/a in the form of tritiated gas and

0.128 g/a as tritiated water vapour. The HT/HTO mixture isotopologue constitutes the majority
of the tritium output.

Table 7.5:  Calculated throughputs and compositions upstream and downstream the three subsystems of the Exhaust
Detritiation system block for the Reference Design Point.

WDS Input Electrolyser Output LPCE Output

Stream 9+@ Feed water  Gas Water Gas @ Water Unit
F 17.29 38.76 40.12 2.95 53.10 25.78 (Pa- m3/s)
y(H,) - - 94.74 — 73.00 — (mol%)
y(HD) - - 1.28 - 4.81-10* - (mol%)
(D) - - 5.24-10° — 941100 - (mol%)
y(HT) - - 0.59 - 5.74-10% - (mol%)
y(DT) - - 5.28-10° — 24310% - (mol%)
Y(T,) - - 1.39-10° ~ 163108 - (mol%)
y(H,0)  96.07 100 2.64 7789 2700 9586  (mol%)
y(HDO) 171 0.32 9.43 49910 253  (mol%)
y(D,0) 430102 118102 035  24410° 177102 (mol%)
y(HTO) 2.05 0.76 10.87 9.35-10° 1.57 (mol%)

y(DTO)  8.03-107
y(T,0) 3.88-107?

2.99:10 0.88 9.4.10  2.26:10% (mol%)
1.98-10% 0.58 8.76-10 6.94-10° (mol%)

O O O oo
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7.3 lsotope Separation

Task of the Isotope Separation System (ISS) is to modify the hydrogen composition and
concentrate individual isotopes to a degree of high purity for the purpose of subsequent exhaust
or reuse. To accomplish this task, Cryogenic Distillation (CD) columns are used in conjunction
with equilibrators in practical applications nowadays. This approach is employed in the ISS of
DEMO. The separation itself is obtained within one or multiple CD columns while equilibrators
are used to modify the composition of isotopologues in order to minimize fraction of mixture
isotopologues. Over time lighter isotopes accumulate in the gaseous phase and strive towards the
column top, whereas its heavier counterparts are predominantly found in liquid form towards the
bottom of the column. A sharp concentration profile forms over the nodes and the isotopologues
can be extracted from both ends at high purity.

7.3.1 Cryogenic Distillation Boundary Conditions and Setup

A complete separation of all six hydrogen isotopologues would require a complex 5-
column setup, representing a facility of great scale and tritium inventory. In practice, the systems
size is reduced by lumping outputs that match the same requirements [119][120]. For the DEMO
ISS a three-column setup is proposed, which produces three outputs:

H, - ) Protium and HD can both be emitted via the stack, provided they
qp . Jischarge are sufficiently detritiated and the fraction of HD remains small.
D, - puredeuterium This stream allows for fine-tuning of the fuel composition.

HT -

concentrated Tritiated isotopologues accumulate in the liquid phase. High
DT - - fractions of DT are not detrimental to the fuel composition. The
tritium . L X .
T fraction of HT, however, must be minimized via equilibrators.
-

Input to the ISS columns are pure hydrogen mixtures stemming from different parts of the
fuel cycle, each with a distinct isotope composition listed for the RDP in Table 7.6. Consequently,
they are introduced into the process at different components.

As a notable detail in the design of Cryogenic Distillation, any substantial change of expected
boundary conditions - concerning input throughput or quantity - entails a complete
reconfiguration of the column setup, as they are intrinsically optimized for a single point of
operation. Therefore, the three-column layout presented in Figure 7.5 is used to cope with the
steady state inputs given by the Reference Design Point.

Table 7.6:  Origin, throughput and composition of the Isotope Separation System inputs for the Reference Design Point.

# Source Description Quantity H:D:T ratio
IRPR Low tritium waste stream 16.13 Pa-m?®/s 2:82:16
@ WDS Accumulated tritium from CECE 2.95 Pa-m?/s 88:6:6
@ TERS (HCPB) Protium purge gas with breed HT 356.58 Pa-m?/s 99:0:1
CPS (HCPB)  Protium coolant with permeated HT 1.55 Pa-m?/s 99:0:1

I Sum of inputs 377.21 Pa-m®/s 95:4:1
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Flowchart of the Cryogenic Distillation column setup including three intermediate equilibrators (Eq #1, Eq #2 and
Eq #3), the three columns, each equipped with two built-in equilibrators (Eq #A and Eq #B) as well as the input and

output streams as implemented into the fuel cycle model.

Figure 7.5:
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Each of the three CD columns consists of a central column with a partial condenser at the
top and reboiler at the bottom. Both the condenser and reboiler produce an output stream of the
column. Lighter isotopologues concentrate in the condenser and exit the respective column from
there as the top product in gaseous form. Conversely, heavy isotopologues accumulate as liquid
in the reboiler and constitute the bottom product of the column. In addition to the three
equilibrators (Eq #1, Eq #2 and Eq #3) placed upstream, each column is equipped with two built-
in equilibrators (Eq #A and Eq #B), which extract and refeed at two distinct points to reduce the
column inventory of mixture isotopologues. Heat exchangers are placed up- and downstream of
each column to adjust the temperature of the streams. The setup parameters implemented in the
fuel cycle simulator for the RDP are summarized in Table 7.7. The column inventories as well as
number of nodes, and position of feed and equilibrator nodes is the result of an iterative process
with five minimization criteria (i)-(v) of descending importance:

0] tritium output to environment (in Figs @),

(i) the ISS tritium inventory,

(iii)  accumulation of mixture isotopologues - especially HT - throughout the column,

(iv) the amount of impurities in output streams (non-D- in FDZ@, non-Tz in FTZ@ and
non-H; in Figs @) as well as

(v) the reflux between columns.

The first column (Column #1) is dedicated to the separation of protium from other isotopes to
release-grade purity in the top product. The feed stream - consisting of heavily protonated input
from the second column as well as the purge gas from the Outer Fuel Cycle (Fy, 1ss @ and Fcps
@D) - passes through the first external equilibrator (Eq #1) and is fed into the middle of the

column. This ensures that H, (and HD) in the exhaust stream may leave at the condenser
sufficiently detritiated and satisfy criterion (i).

The product of the first column reboiler is fed to the second column (Column #2) in conjunction
with the input from the IRPR and WDS system blocks (Figw—_trit @6 and Fyyps @). Again, the
mixture passes an equilibrator (Eq #2) prior to injection. The main separation between reusable
and expandable hydrogen isotopes takes place in the second column. Lightweight isotopologues
are returned to the first column as product extracted at the top, whereas heavier isotopologues are
extracted at the bottom and forwarded to the third column. To reduce reflux between the first and
second column as per criterion (v), the fraction of tritiated species in the top product must remain
very low to avoid reflux ratios. Similarly, all protium in the reboiler product will eventually end
up in the top product of the third column and degrade the purity of the deuterium there.

The third column (Column #3) is tasked with the separation of D and T. A large column setup,
with many separation nodes is required for this, as the separation efficiency of these isotopes is
considerably smaller. However, a large column entails a considerable tritium inventory, which
accumulates in the liquid phase. For this reason, the throughputs of the second and third column
are considerably smaller than of the first column. Pure deuterium is withdrawn from the condenser
of the third column. A mixture of tritium and DT represent the third output stream of the 1SS
setup. Both outputs are sent to the storage beds.
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7. The Outer Tritium Loop

Table 7.7:  Pre-defined column parameters of the three cryo-distillation columns of the Isotope Separation System.

Parameter Indices Column#1 Column#2 Column #3 Unit
Number of nodes N 50 55 90 =)
Feed node Nfeed 21 35 55 =)
Eq #A node NEq #A 19 6 39 =)
Eq #B node NEq #B 41 49 70 =)
Equilibrator temperature Teq 27 27 27 (K)
Extraction ratio Cext 0.988 0.30 0.60 (=)
Condenser temperature Tiop 24 26 25 (K)
Reboiler temperature Toot 20 22 21 (K)
Column pressure p 101325 101325 101325 (Pa)
Condenser cooling Heyt 2500 1000 1500 w)
Liquid inventory per node  fjq(n) 5.0 5.0 2.5 (mol)

7.3.2 Cryogenic Distillation Modelling

Each column is discretized into N nodes - numerated in ascending order from top to bottom
- and each assumed in equilibrium at all conditions. Three equations are solved for every node to
model the column: the mass and energy balance (Equations (4.4) and (3.8), respectively) as well
as the vapour liquid equilibrium. The modelling procedure of the latter follows the approach
elucidated in Section 3.3. The mass balance for a given isotopologue Q, and node 1 <n < N is
calculated with Equation (7.10) for the liquid inventory I;q, where the bulk hydrogen resides -

given its higher density.

8hiq (Q2n) _ Fliq(QZ'n - 1) - Fliq(QZ'n) + Fext(QZ' TL) +

5t Fuap(Qun+1) — Fup(Qam), (7.10)

where Fjq(n) and F,,p (1) denote the liquid and vapour output streams of node =, both in mol/s.
Fext represents an external stream added to this particular node also in mol/s. This occurs at the
feed-node ng.q and the two equilibrator nodes ngq 44 and ngq 4. The heat balance is defined
similarly for every isotopologue Q, and node 0 <n < N as derived in Equation (3.8). A
temperature profile forms over the height of the column between the values of Ty, in the
condenser and Ty.: in the reboiler. Following the steady state assumption, the total liquid
inventory remains constant over time.

The partial condenser and reboiler constitute the ultimate nodes 0 and N of the column model,
respectively. The extraction ratio Ce,; indicates the ratio of the total condenser output to feed
stream. A simple mass balance around the column - given in Equation (7.11) - fixes the output of
the condenser by the steady state assumption for the entire column.

Zn Fext(QZ:n) = Fliq(Qz:N) + Fvap(QZ:O) = Fvap(QZvO) * Coxt- (7.11)

The reflux ratio in each column is given by the condenser duty H,,; Of the partial condenser at the
top of the column, which fixes the liquid output F;q(Q,, 0) as described in Equation (7.12).
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Fliq (Q2,0) - hvap = Hext, (7.12)

where the heat of vaporization hy,, = 4493.6 ]/mol is taken for pure protium from [17]. With

these equations, the numerical solver calculates the concentration profile of all hydrogen isotopes
in the liquid and the vapour phase.

Equilibrator modelling

The equilibrators are modelled as a single node process with the equilibrium constants
derived in Equations (3.3), (3.4) and (3.5). This is complimented by three mass balances for each
isotope. Equation (7.13) exemplifies the mass balance of tritium with the input and output
fractions y;,(Q,) and y,,:(Q5) in mol/mol. A numerical solution is produced by the model in
dependence of the input composition and the temperature T, .

yin(TZ) +0.5- (yin(HT) + yin(DT)) = YOut(TZ) +0.5- (YOut(HT) + yout(DT))- (7-13)

Assuming a low equilibrator temperature, the presence of equilibrators can limit the fraction of
mixture isotopologues in output streams and column inventories of the ISS setup.

7.3.3 Cryogenic Distillation Modelling Results

To establish steady state conditions after a shift of ISS parameters or input boundary
conditions the model requires up to 10000 iteration steps - depending on the induced perturbation.
Each iteration step represents a second in the model which is calculated in (10 ... 50) X real time.
The columns are initialized with a quantity and composition close to the steady state to reduce
computing time.

The following graphs show the liquid concentration profiles of the six hydrogen
isotopologues within the three Cryogenic Distillation columns (in order of Column #1, Column
#2 and then Column #3) for the steady state throughput given in Table 7.1. The profile for each
column is shown over its height discretized into nodes 0 < n < N, with the partial condenser at
the top (n = 0) and partial reboiler at the bottom (n = N) of the column. Both the linear and
logarithmic scale are displayed. The former illustrates the overall composition of the hydrogen
content throughout each column and the latter accentuates the separation effect and the influence
of the feed node position and built-in equilibrators Eq #A and Eq #B. Thereafter Table 7.8 and
Table 7.9 summarize the input and output streams of all 1SS subsystems.

Generally, isotopologues of lower molar mass are found in higher concentrations towards the top
of each column and dominate the column output at the condenser. Inversely, heavy isotopologues
accumulate in the reboiler. The phenomenon is based on the different boiling temperatures and
quantified in the model by Equation (3.7). For this reason, as the middle isotope, deuterium
naturally accumulates and dominates the liquid inventory in all columns.

The liquid concentration profile of the first Cryogenic Distillation column - dedicated to
the enrichment of protium - is shown in Figure 7.6. The column can be split into two sections
given a feed stream at n = 21, containing deuterium and large quantities of protium: A protium-
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7. The Outer Tritium Loop

dominated section above the feed node (0 < n < 21) and a deuterium-dominated section below
(21 < n < 50). In between, given the presence of both isotopes in high concentrations a local
peak of the mixture isotopologue HD (zyp = 31 mol% atn = 16) can be observed.
Isotopologues heavier than D, only occur in considerable quantities below Eq #B with a
maximum concentration of zpp = 32.67 mol% and zpt = 14.3 mol% at n = 50.

The logarithmic plot in Figure 7.6 b) displays to which degree the tritiated species are
stripped in the protium-dominated section of the column, with the concentrations zr, < zpt <
Zyt = 5.66 - 107 mol% at n = 0. In the lower half of Column #1 - within the deuterium-
dominated section, protonated species are found in progressively lower concentrations towards
the bottom of the column (n — 50). In steady state, Column #1 contains 250 mol of hydrogen
with a compositionof H: D: T = 34 : 62 : 4. The 57.08 g of tritium, present in the form of all
three isotopologues (QT), in Column #1 produce a decay heat of 18.50 W.
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Liquid concentration profile of the six hydrogen isotopologues throughout Column #1 discretized over the height into

n = 50 nodes from top n = 0 to bottom n = 50. Top: as a linear plot. Bottom: as a logarithmic plot. The feed node
(Feed) and both built-in equilibrator nodes (Eq #A and Eq #B) are indicated by a dashed line.
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The two built-in equilibrators in each column limit the concentration of the mixture isotopologues
and are deliberately placed to target the HD and DT peaks within each column. The concentration
of HT in particular is inhibited to a strong degree by the presence of equilibrators, which is based
on the small equilibrium constant Kyt << 1 as per Equation (3.4). The phenomenon can be
observed in all three columns and the highest fraction of HT obtained throughout the ISS setup
occurs close to the feed in the first column at zyp = 0.21 mol% atn = 22.

Table 7.8 lists the input and output streams of Column #1 as well as of equilibrators Eq #1
and Eq #2. A large fraction of the total ISS throughput is emitted via the condenser product of
this column to dispatch of the large quantities of protium purge gas from the HCPB Breeding
Blanket. The exhaust gas contains a small fraction of HD (zyp = 0.6 mol%) and close to no
tritium.

To quantify the efficiency of detritiation in the ISS setup, the detritiation factor (DFiss) is
calculated. In this case it is given by the ratio of the tritium content in the input streams (@, @),
@2and @) over the tritium content in the output stream @ in Equation (7.14)).

4.16

DFss = 1.02:10-5

~ 406560. (7.14)
The bulk detritiation occurs in the first column. With a similar calculation, one obtains from the
tritium ratio of the input of Column #1 over the exhaust stream DFcojumn#1 = 131930. The
tritium input stream of Column #1 is equivalent to the tritium output stream of Eq #1 given in
Table 7.8 as F(T) = 1.34 Pa- m3/s.

Although, these factors may appear very high, this corresponds to an annual tritium loss of
0.857 g/a, predominantly in the form of HT. Thereby, the tritium loss rate of the Isotope
Separation System alone represents a contribution to the annual release, which lies between the
annual ITER thresholds for regular (0.6 g/a) and heavy maintenance (2.5 g/a) operation.

Table 7.8:  Throughput and composition of the of the Isotope Separation System input as well as the calculated output of
equilibrator #1, the first Cryogenic Distillation column and equilibrator #2. Streams @2 and @4 are given in the
Appendix Al. The values marked in grey are used in Equation (7.14) to calculate the detritiation factors.

Input Calculated results
Stream Feed Eq #1 Column #1 Eq #2 Unit
1+QD+G3+3D out top & bottom out

F(H) 359.70 359.72 359.71 5.28-10° 2.92 (Pa-m?/s)

F(D) 13.35 4.12 1.09 3.04 16.39 (Pa-m3/s)

F(T) 4.16 1.34 1.02-108 1.34 4.16 (Pa-m3/s)
XF(Q,) 377.21 365.18 360.80 4.38 23.47 (Pa-m3/s)
y(Hy) 94.92 97.34 99.40 4.58-10°10 6.45 (mol%)
y(HD) 7.37-102 191 0.60 1.05-10* 11.15 (mol%)
y(D,) 3.50 0.10 7.13-10° 53.00 52.36 (mol%)
y(HT) 0.80 0.41 5.66-10° 1.36-10* 0.79 (mol%)
y(DT) 6.90-10°3 0.14 5.65-10°° 32.67 23.84 (mol%)
y(T,) 0.70 9.45-10%  1.30-10%® 14.33 5.41 (mol%)
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7. The Outer Tritium Loop

The concentration of hydrogen isotopologues in Column #2 is plotted in Figure 7.7. The
content of the column is dominated by deuterium, with significant fractions of protium or tritium
towards both ends of the column. Both isotopes are extracted there in conjunction with large
fractions of deuterium and deuterated isotopologues and fed to the other two columns. The
275 mol of hydrogen in the column are represented in aratio of H: D: T = 2:94: 4, The
tritium inventory of 58.85 g produces a total decay heat of 19.07 W.

A comparison to the logarithmic plot reveals the pronounced protium stripping effect of the
column section below the feed node (n > 35). Downstream the reboiler, the fraction of protium
accounts for only zg = 3 - 107* mol% at n = 55 of the column output to Eq #3. On the opposite
end, the detritiation efficiency of the second column remains at a modest level in comparison to
the first column, given the high condenser temperature of Ty, = 26 K.
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Figure 7.7:  Liquid concentration profile of the six hydrogen isotopologues throughout Column #2 discretized over the height into
n = 55 nodes from top n = 0 to bottom n = 55. Top: as a linear plot. Bottom: as a logarithmic plot. The feed node
(Feed) and both built-in equilibrator nodes (Eq #A and Eq #B) are indicated by a dashed line.
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The third column, tasked with the separation of the two heavy hydrogen isotopes,
accumulates the largest amount of tritiated species in liquid form at its bottom as can be seen in
Figure 7.8. To limit the overall column hydrogen content, the hydrogen inventory per node is
constrained to f;; (n) = 2.5 mol, half of the value assumed in the other columns. Still, the column

contains considerable amounts of tritium (459.02 g) producing a decay heat of 148.8 W.

In total Column #3 holds 225 mol of hydrogen, distributed among the isotopes as H : D :
T = 107%:85 : 15. This results from the light isotope being stripped in the previous column.
The logarithmic plot in Figure 7.8 b) displays how the fraction of protonated species remains low
over the whole column with a peak of zgp = 8.11 - 10™* mol% at the top of the column (n = 0).
Additionally, T2 and DT are progressively stripped towards the top of the column (n — 0).
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Figure 7.8:  Liquid concentration profile of the six hydrogen isotopologues throughout Column #3 discretized over the height into

n = 90 nodes from top n = 0 to bottom n = 90. Top: as a linear plot. Bottom: as a logarithmic plot. The feed node
(Feed) and both built-in equilibrator nodes (Eq #A and Eq #B) are indicated by a dashed line.
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Particularly, the design of this column must consider the two design criteria of a low tritium
inventory - favouring a small tritium stripping section - and the obtained tritium purity in the
reboiler - favouring a large tritium stripping section. Given the priority assignment with regards
to the minimization criteria of a low tritium inventory (ii) and output purity (iv), the feed node is
positioned in the lower half of the column (ngeeq = 55).

Given the large fraction of deuterium in the input stream (zp: zy = 75:25), Column #3 is split
into a large deuterium enriched section above (n < 75) and a smaller tritium section below (n >
75). In-between the two sections, a distinct peak of the DT isotopologue forms close to the bottom
of the column at (zpt = 41 mol% atn = 75). In this context, Eq #A limits the formation of
mixture isotopologues in the upper section n < 40 of the column, whereas Eq #B minimizes the
formation of DT in the bottom section of the column by placing it exactly in the node with the
DT peak (n = 75). Still, given the proximity to the bottom, the mixture isotopologue is
represented in the bottom product with a considerable fraction of 4.87 mol%. If the column is
designed differently to move the DT peak further to the bottom (n — 90), the fraction of
deuterium in the tritium enriched output increases. Conversely, if the DT peak is aimed higher
within the column (n — 0), the tritium inventory rises. To design the column and solve this
optimization problem, the tritium inventory is constrained t0 Icoumn#3 < 500g and the
deuterium fraction in the bottom product is limited to z, < 5 mol%.

The outputs of the condenser and evaporator nodes of Column #2 and Column #3 as well
as of the third equilibrator Eq #3 in between are shown in Table 7.9. Deuterium is isolated by this
setup at very high purities (zp, = 99.999 mol%) from the condenser of the third column. The
bottom product is less pure (zp = 3.6 mol%), which stems from DT peak close to the bottom of
the third column.

Table 7.9:  Throughput and composition of the second and third Cryogenic Distillation column and auxiliary systems.

Column #2 Eq #3 Column #3

Stream top bottom out top @ bottom @ unit
F(H) 2.91 493105 493105 493105 65510 (Pa-m3/s)
F(D) 4.13 12.27 12.27 12.15 0.12 (Pa-m?/s)
F(T) 8.56-10 4.16 4.16 1.96-10° 416  (Pa-m3/s)

TF(Q,) 7.04 16.43 16.43 12.16 427  (Pa-m®/s)
y(H,) 27.36 45510° 142108  6.18-10° <110  (mol%)

y(HD) 28.07 23410 55510  8.11.10¢  1.01:10%  (mol%)
y(Dy) 44.55 43.42 58.41 99.9989 0.26 (mol%)

y(HT)  193-10%  3.89-10%  4.82:10° 233107 297102  (mol%)
y(DT) 2.24-102 37.51 32.55 3.22:10* 4.87 (mol%)
y(T,) 4.28-10° 19.07 9.04 6.92.101  94.87 (mol%)
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7.4 Storage Solutions

Intermediary buffer tanks are employed in different parts of the fuel cycle and are vital part
of IRPR or GDCM systems. These gas storage tanks for short-to midterm dwell times are assumed
as stainless steel vessels. Treatment against protium outgassing from walls is required.

7.4.1 Getter Bed Boundary Conditions and Setup

For the purpose of long-term storage of the hydrogen - in particular of tritium - this work
adapts the established approach to utilise depleted uranium storage beds [121]. In the form of
UQ;, hydrides exhibit considerably reduced loss rates in comparison to its volatile pure gaseous
counterpart.

Although hydrogen is stored safely in this manner, the response times of such getter beds is not
suited to cope with the transient behavior implied by the pulsed operation. Consequently, the solid
absorption beds are not integrated into the immediate hydrogen path through the three-loop
architecture of the fuel cycle. Instead, they serve as macroscopic sink or source term of hydrogen
species.

Three storage bed subsystems can be distinguished: (i) the storage of pure deuterium or a heavily
deuterated hydrogen compositions (Fp, @), (ii) the storage of pure tritium or heavily tritiated
hydrogen compositions (Fr, @) and (iii) the storage of all hydrogen circulated in the fuel cycle
independent of composition in a case of emergency or an extended shutdown period.

These long-term storage beds are connected to the fuel cycle via the GDCM system via stream

Ftop—up '
7.4.2 Getter Bed Modelling and Results

The equilibrium pressure of hydrogen can be correlated to the bed temperature. For
uranium getter beds a certain hysteresis is observed between the ab- and desorption. Therefore,
two empiric correlations are implemented from Kolasinski et al. [122], describing the two
processes separately in Equations (7.15) and (7.16).

Absorption: 10g19(peq) = 11.08 — 4216 - Tpeq ", (7.15)

Desorption: loglo(peq) = 11.81 — 4701 - Typeq (7.16)

where p,q denotes the equilibrium pressure in Pa and Ty,eq is the temperature considered for the

bed in K. The process dynamic can then be controlled by modifying Tyeq. FOr example, by
increasing the temperature Typeq: 400 — 700 K, the equilibrium pressure in the bed increases
Peq: 1.1 = 125000 Pa. The maximum heating and cooling rate are set to 0.5 K/s. In the fuel
cycle simulator, a simple control scheme - summarized in Figure 7.9 is used to link the change of
Tpeq to the bed inventory and task.
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Figure 7.9:  Control scheme implemented into the storage beds of the fuel cycle simulator to respond to a shift in quantity and
quality.

Then, Equations (3.15) and (3.16) can be coupled with a simple transient mass balance Equation
(7.17) to form a determined system of equations.

dlges — d(’gas'”solid) _

= — Frop—up: (7.17)

where Fiop_yp represents the connecting stream to and from the GDCM in mol/s. Figure 7.10
shows the evolution of the absorption bed hydrogen inventory over time for an exemplary case.
For low temperatures T < 500 K, the hydrogen absorbs into the solid phase. Conversely, as
temperature increases, hydrogen is released as gas and can be withdrawn from the process. /g

changes as Fiop-yp is modified by the GDCM to uphold the fuel cycle mass balance.
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Figure 7.10:  Qualitative trend of the uranium getter bed inventories as a function of a shift of temperature and total inventory
over time.
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7.5 Outer Tritium Loop Summary

The Outer Tritium Loop comprises three detritiation facilities and a long-term storage
system. The figures below refer to the Reference Design Point.

Exhaust Detritiation System

The EDS comprises a Combiner, Condenser and a Wet Scrubber Column to remove
deuterium and tritium from the exhaust stream. It also disposes of non-hydrogen species
introduced to the fuel cycle. All of the helium ash generated in and all nitrogen injected into the
fusion reactor can be removed this way. The same applies to the Plasma Enhancement Gases
argon and xenon, which are not recuperated prior.

99.93 mol% of the deuterium as well as 99.996 mol% of tritium upstream the EDS are
recuperated and transformed to water. The fraction of protium in hydrogen exhaust gas
downstream the Wet Scrubber column is yws(H, + H,0) = 99.995 mol%.

Water Detritiation System

The WDS comprises a Liquid Phase Catalytic Exchange Column and a partial Electrolyser
to detritiate water. 99.84 mol% of the deuterium as well as 99.998 mol% of tritium upstream the
WDS are recuperated and concentrated in the electrolyser.

The accumulated heavy isotope mixture is withdrawn and send to the 1SS with a composition of
H:D:T = 88:5.5:6.5. The tritium concentration is stripped from the exhaust stream to a
high degree in the LPCE column. The hydrogen gas is emitted with a protium purity of
yrpce(Hy + H,0) = 99.996 mol%.

Isotope Separation System

A three-staged Cryogenic Distillation column setup isolate the three isotopologues at high
purity. A total of 9 equilibrators are implemented to minimize mixture isotopologues.

Large quantities of protium exit the fuel cycle with high purity y;ss(H,) = 99.3 mol%. The
remaining 0.7 mol% are mostly HD. The purities obtained for the three isotopes are y;ss(H) =
99.97 mol%, y;ss(D) = 99.999 mol% and y;ss(T) = 97.3 mol%.

Long-term Storage

Uranium getter beds are implemented into the fuel cycle to store excess amounts of
hydrogen over longer periods of time. The detritiation factors obtained for the RDP are:

DFEDS = 27583, DFWDS = 4‘7553, DFISS = 406556

This amounts to annual loss of 0.985 g/a of tritium in molecular form and 0.638 g/a of tritium
as water for the entire fuel cycle. Bulk of the deuterium and tritium losses occurs as the mixture
isotopologue HQ and HQO.
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8. Fuel Cycle Holistic Simulation

8 Fuel Cycle Holistic Simulation

Now that all major processes are presented in isolation and steady state as well as quantified
for the Reference Design Point, they can be integrated into and analysed as part of the whole fuel
cycle. This chapter covers the aspects in fuel cycle modelling that result from the interplay of its
components and derives concepts to modify and optimize the fuel cycle further.

In the first section, an estimate of the fuel cycle tritium inventory is derived. Wherever
possible, the process inventory of a subsystem is embedded, provided that the corresponding
process is modelled in sufficient depth. Otherwise, a tritium inventory is estimated using a
residence time approach. From there, the tritium sink term of decay is deduced and incorporated
into the examination of the system-wide mass balances of all modelled species. In particular, the
different source and sink terms of the three hydrogen isotopes are investigated.

All these considerations refer to the DEMO Reference Design Point postulated in Section
3.4. In the likely event that the Fuel Cycle in the future faces conditions and throughputs that
differ from RDP, adjustments must be made. Therefore - in Section 8.2 - key fuel cycle boundary
conditions such as the fusion reactor throughput are varied in a parameter study. The extent to
which the variation results in different requirements and how the fuel cycle can be adapted
accordingly is discussed. This way, the fuel cycle can be scaled or modified to suit a wide range
of boundary conditions.

The parameter studies still assume steady state operation. Therefore, in the third section,
the behaviour of each component in a transient environment is examined. A distinction is made
between a discussion of the transient start-up of each component and how to efficiently bridge
the interim dwell period.

In the final section, the fuel cycle performance is compared to its design criteria. The critical
fuel cycle elements are pointed out and their optimization potential is discussed.

8.1 Tritium Inventory and Mass Balances

8.1.1 Preliminary Tritium Inventory

Given the rarity and decay of tritium, its total inventory represents a key design aspect of a
fusion power plant. The implementation of physics-based models in this work can be used to
generate a first estimate of the tritium inventory of every fuel cycle subsystem.

As important as the parameter may be, it is coincidentally difficult to produce a sound estimation
of the tritium inventory using a modelling approach in the mutable state of the pre-conceptual
design phase. The estimation of the tritium inventories are considered bearing following caveats
in mind:

First, the results of the work focus on the fuel cycle performance in the steady state and
under assumption of the boundary conditions described in the Reference Design Point. Long-term
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effects, such as plant availability or outages, are disregarded. This aspect is investigated for
DEMO in [123].

Secondly, the model fidelity, especially of the subsystems in DIRL, is not sufficient to
derive a tritium inventory. To quantify the tritium inventory of these systems, Equation (8.1) is
used, which uses the residence time approach described in Equation (4.1) and imposes steady
state conditions.

dlg
dt

I
Finq = TQ for

= 0. (8.1)
Since the input streams Fi,, o for each system are listed in detail in Table 5.1, Table 6.1 and Table
7.1, a direct correlation between the tritium inventory It and an average residence time 7 can be
established. For subsystems with unknown tritium inventory, an estimate can thus be made by
assuming the residence time. Conversely, in systems with a known inventory, an expected
residence time can be calculated.

Thirdly, only the operating inventory - which signifies the tritium inventory that is actively
processed - is described. The passive tritium inventory represents a large contributor, which is not
assessable. The assessment of the passive tritium inventory scopes:

- Permeation into and retention of tritium in steel and other solid infrastructure.

- Permeation into and retention of tritium in the irradiated first wall of the torus

- Additional tritium inventory due to redundant implementation of subsystems.

- Tritium irrecuperable from storage beds

- The tritium inventory of infrastructure components such as pumps, pipes and heat
exchanges

Although large uncertainties remain, the assessment of a preliminary tritium inventory provides
an order of magnitude estimate. Most critically, it is made apparent, which system blocks process
large quantities of tritium and therefore must be optimized. Additionally, the contribution of
tritium decay to the overall loss term can be evaluated.

Table 8.1 lists the estimated tritium input streams, residence times and inventories of all fuel cycle
subsystems covered in this work. If a residence time is assumed for a subsystem, the according
entry is marked with an m? in Table 8.1. Subsystems in which the reaction behaviour is
determined by resolving a mass balance, the tritium inventories can be extracted. The according
entry is then denoted as mP and an equivalent residence time is provided.

In both cases, a brief discussion follows the table, elucidating how the number is conceived.
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8. Fuel Cycle Holistic Simulation

Table 8.1:  Tritium throughput, residence times and inventory of the different fuel cycle elements. Residence time assumptions
are marked as m®. Tritium inventories derived from this work are marked as m".

System Fint T It
Loop glock Subsystem (Pam?3/s) (s) (@
Torus Tokamak 209.867 102 5.574
PLS 229.592 18007 [123] 1097.689
MIS GPS 24.733 60? 3.942
3) 'ORp MIV 44.458 60° 7.085
Vacuum MFP+LDP+LRP 208.528 60? 33.233
GDCM Buffer vessel 250.233 602 39.879
EPS Per_meators 37.535 1.15 0.115°
INT Impurity removal 2.282 3002 1.818
Loop IRPR Buffer vessel 11.327 2-105% 6.318
TSA 11.327 144254 4443.918°
Combiner 0.142 300? 0.113
EDS Condenser 0.142 3002 0.113
Wet Scrubber 0.012 5159 0.17°
ouT WDS LPCE column 0.207 1068 0.587°
Loop Electrolyser 0.397 968 1.021°
Column #1 1.344 15991 57.079°
ISS Column #2 4,159 5327 58.853°
Column #3 4,158 41558 459.024°
Outer Fuel Cycle BB+TERS+CPS 0.945 360007 [123] 90.322
P 6301.3

Given the low density and particle confinement times in plasma, the tokamak residence time is
assumed at Trokamak = 10 s.

Fundamental principle of the DIRL subsystems is to rapidly process its throughput, hence low
residence times are assumed here. In vacuum, gases are processed at a high flow speed, which
substantiates the assumption made for the associated pumps MIV, MFP, LDP and LRP. The GPS
is a system of low complexity. The accumulation of tritium in it is based solely on the bypass
ratio implemented in the RUN-VENT cycle. Even though the residence may be chosen small at
T = 60 s, the tritium inventory of these subsystems is a substantial contributor by nature of the
large quantities of tritium processed in them.

The most critical system in the DIRL is the Pellet Launching System, which requires freezing of
hydrogen from ambient temperature to < 15 K, which is expected to contribute significantly to
the residence time. Coleman et al. assume a value of tp;.g = 1800 s [123], which results in a
tritium inventory well above 1 kg. To assess and optimize this component and in particular the
throughput of the liquefier and the extruder setup is subject of further research.

The GDCM buffer vessel is designed in this work with a capacity of holding supply for the fusion
reactor for 60 seconds (cf. Section 5.4). For a different buffer requirement, one easily obtains the
resulting inventory by applying Equation (8.1).
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The permeator inventory is an output generated by the model via solving the upstream mass
balance according to Equation (6.5). The bulk tritium resides in the permeators of the first stage,
which holds 91 % of the subsystem’s tritium content. The low tritium inventory and residence
time stem from the small scale of the setup, with a gas volume of the first stage of V' = 1.451 for
all 37 permeators combined.

The IRPR is a semi-continuous process and tritium will accumulate in the buffer vessels installed
up- and downstream the TSA setup. This amount can be minimized by staggering the process
cycles of the 64 TSA beds and spreading the feed phases. This way Equation (8.2) can be used to
calculate the residence time as a ratio of the duration of one process cycle over the amount of
TSA beds operated in parallel.

__ Nclosed textended ttclosed _ 6780 ~
TIRPR buffer = . = —, =~ 1055, (8.2)

with the values taken from Table 6.7 and Equation (6.35). This residence time must be considered
twice to account for the upstream and downstream buffer vessels.

The largest contribution by far resides in the TSA beds of the IRPR system, with a tritium
inventory per TSA unit of about 70 g as derived in Section 6.2. For 64 units implemented in the
RDP, this amounts to more than 4.4 kg of tritium. Applying Equation (8.1) a residence time of
over 40 h (t = 144254 s) is obtained. The large inventory originates from the semi-continuous
nature of the process and the inherent long cycle times it entails. An improvement of the amount
of hydrogen output per extended cycle (5 % in this work) or the overall cycle time (about 2 hours
per extended cycle), can alleviate this issue substantially. Such a reworked setup must guarantee
that the output does maintain the grade of achieved purity, however.

The amount of tritium processed in the Impurity Removal, Condenser and Combiner is
comparably small. Consequently, for high residence times of 5 minutes, the accumulation of
tritium in these systems is only a minor contributor.

Similarly, the tritium concentration in the Wet Scrubber and LPCE column as well as the
Electrolyser is minuscule. The tritium inventories of the ISS setup are discussed in Section 7.3.
The residence time of the Outer Fuel Cycle is also taken from [123] and represents a lumped
residence time for the three system blocks BB+TERS+CPS. This totals to a fuel cycle tritium
inventory of about I, = 6.3 kg with the largest fraction held by the IRPR system.

8.1.2 Mass Balances

To maintain a steady state of operation, the fuel cycle mass balance must be monitored
carefully for every species. Observation of the Gas Distribution Control and Metering System as
nodal point of the fuel cycle yields the throughput of every species and the amount recuperated
in each fuel cycle loop as listed in Table 8.2. For deuterium, a distinction is made between the
pure deuterium and deuterium in the fuel mixture to account for the different requirements of the
NBI and fuel gas composition. The difference between input and output then corresponds to the
amount of each species that must be supplemented to the fuel cycle from outside via Fop_yp 10).
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8. Fuel Cycle Holistic Simulation

Table 8.2:  Throughput of the fuel cycle for the RDP and recuperation rates of the individual loops for all species injected into
the reactor. The according streams are denoted by the encircled number.

MIS input MIV DIRL INTL OuTL top-up
(Pa-m3/s) (Pa:m?3®/s) (Pa-m?3/s) (Pa-m3®/s) (Pa-m3/s) (Pa-m3/s)
H 550 (1,3 09% (» 380 (7) 0.73 <10* @ -
PureD, 106 (@ 0 0 0 1216 @  -155
DinDT 25433 (1,3 4446 4) 17149 (7) 34.29 011 @ 3.98
TinDT 25433 (),3) 4446 4 17099 (7) 34.78 416 @  -0.067

Species

N, 200 O 0 0 0 0 20.0
Argon 0390 (D 0 0 0.386 0 0.04
Xenon 0226 (3 0.044 (@) 0 0.180 0 0.02

Figure 8.1 compares the contributions of different system blocks to the retrieval of the three
hydrogen isotopes. In general, a comparable recovery rate can be observed for the MIV, MFP and
IRPR bypass as these are not implemented into the model as isotope-sensitive. The differences
result from isotope specific considerations and are discussed separately below.

A large fraction of argon and xenon is recuperated in the Exhaust Processing System due
to high separation factor assumed in the PEG removal npgg = 99 %. The nitrogen gas is not
recovered and must be fully replenished. With the listed steady-state nitrogen throughput of
20 Pa-m3/s, a two-hour pulse of DEMO requires 63.4 mol/pulse of nitrogen. Helium is not
listed as it is always fully discharged from the fuel cycle. A single pulse produces 4.24 mol/pulse
of He.

Hydrogen Isotope Recovery

IRPR TSA
Contributions (o steady MIV MFP  bypass  output ISS Top-up

state reactor input (mol%) - - - - - -

<0.1

N

4.6 0.9

<0.1 1.6

34

0.5
—

Protium Deuterium Tritium

Figure 8.1:  Contribution to the recuperation of the three hydrogen isotopes protium, deuterium and tritium of the different separation
processes throughout the fuel cycle (numbers given in mol%).
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Tritium

By design, a surplus of tritium is produced in the Outer Fuel Cycle, which feeds it into the
Inner Fuel Cycle via the Isotope Separation System. The excess generated correlates to the
Tritium Breeding Ratio TBR as quantified in (8.3).

3
Fexcess = Fourn - (TBR — 1) = 0.068 Pa—- = 1.278 pjse, (8.3)
with TBR = 1.05 and Fg,, as calculated in Equation (2.2). In comparison, over the period of a
two-hour pulse, the reactor burns Fyyn = 25.56 g/pulse for a thermal power of Pihermal =
2000 MW. Simultaneously the Breeding Blankets of DEMO generate Fgreeq = 26.88 g/pulse.

Using Equation (2.3), the steady state tritium decay rate is calculated from the tritium
inventory t0 Fgecay = 4.23 - 1073 Pa- m3/s. If kept constant over the period of a year, this

corresponds to an annual decay rate of Fyecay = 354.52 g/a. The fraction of tritium decay
amounts to about ygecay =~ 6.3 mol% of the surplus generated. The losses to the environment
represent only a negligible sink term in comparison y;,ss ~ 1.29 - 10~3mol%.

Figure 8.2 puts into relation, which amount of F,,..ss IS Stored, decayed and lost over the
period of a two-hour pulse. The bar on the right specifies the contributions of Outer Tritium Loop
system blocks to the tritium loss term.

As tritium is generated only during operation, but losses and decay persist over the whole
plant lifetime, DEMO must at least perform 279 pulses per year to remain breakeven on tritium
self-sufficiency. This corresponds to an annual plant availability of Av = 6.35 %. Above this
threshold, tritium accumulates over time. In the fuel cycle simulator, the tritium surplus is
withdrawn as the bottom product of Column #3 at a purity of 97.3 % and stored in the uranium
getter beds.

1110)({:{‘535

stored decayed EDS WDS ISS

Throughput (g/pulse)

lost
7.66:10°

Figure 8.2:  Destination of the tritium surplus generated (F.yc.ss) OVer a two-hour pulse of DEMO (values given in g per two-
hour pulse).
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8. Fuel Cycle Holistic Simulation

Deuterium

Deuterium is not generated by Breeding Blankets. Hence the combined amount of
deuterium fused in the tokamak and discharged to environment must be replenished via external
supply. During pulsed operation, the two sink terms contribute the fraction marked in Figure 8.3
a). Notably, only about 55 % of the steady state deuterium top-up is eventually burned in the
reactor.

In general, the loss rate of the deuterium isotope is much higher than of tritium. This is
based on the lower separation efficiencies from protium Kyp < Ky for all separation processes
implemented in the OUTL. The contribution to deuterium losses in the form of the mixture
isotopologue HD at the head of Column #1 of the ISS stands out in particular. Here, more than
99.96 mol% of the deuterium losses occur for the entire fuel cycle.

Protium

For the RDP, the fraction of protium among hydrogen isotopes upstream the torus amounts
to 1.07 mol%. In steady state, the combined protium ingress of 0.322 Pa - m?/s assumed for the
DIRL and INTL in Table 3.10 is removed by the IRPR system.

For the OUTL, the ingress of protium is negligible to the amount added as flushing agent. Figure
8.3 b) compares the different source terms of protium. Figure 8.3 c) follows up on this observation
and displays the contribution of the three separation processes to the protium sink terms. Every
atom of protium added to the fuel cycle results in a larger 1SS setup, where the largest fraction of
the total protium input is removed from the process.

a) Deuterium sink terms b) Protium source terms ¢) Protium sink terms

Molar fraction (mol%) Throughput (Pa m3/s) Throughput (Pa m?/s)

I Ingress EDS EDs [ wDs
- Blankets - WDS - ISS

0.32 0.35

0.67

Figure 8.3: a) The deuterium sink terms in relation to the total amount supplied in steady state in mol%
b) Contribution of the different protium source terms to the total protium input throughout the fuel cycle in Pa-m?/s.
c) Protium sink terms represented as a fraction of the total protium input in Pa-m?/s.
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8.2 Parameter Study of Input Boundaries

According to the current state of knowledge, the Reference Design Point described in the
previous chapters covers a representative state of operation. A different set of boundary conditions
than assumed in this work is equally conceivable, in particular as the plasma scenario to be taken
for DEMO is still under discussion. The design of the fuel cycle - in individual parts or as a whole
- must then be adapted accordingly. In this section, following key boundary conditions are
modified and a suitable adaption of the fuel cycle is discussed:

- Avvariation of the reactor throughput, by changing the burn-up fraction § = 0.1...5 %.
- Avariation of the hydrogen removal efficiency of the DIRL npr = 0...99 %.

- Fuel cycle architecture considerations for a different hydrogen isotope mass balance.

- The influence of the different Breeding Blanket concepts.

8.2.1 Change of the burn-up fraction

A reactor tritium throughput of Fys(T) = 210.19 Pa-m?3/s (5) and a tritium fusion
reaction rate Fgyrn, = 1.34 Pa-m?3/s are assumed in the RDP. These values yield a burn-up
fraction of 8 = 0.64 % as defined in Equation (2.4). The actual burn-up fraction can drastically
deviate from this figure as a result of e.g. an alteration of the matter injection efficiency ny;s as
showed in Table 5.2. A substantial variation of the tokamak design parameters can yield a similar
effect. Inany case, consideration of a broad spectrum of possible burn-up fractions 8 = 0.1...5 %
is a sensible examination to make. Assuming Fg, -, rfemains constant and thereby the generated
thermal fusion power, the resulting tritium throughput entering the tokamak ranges between
Fuis(T) = 1336.53 ... 26.73 Pa - m?/s.

To account for a potential change in throughput, the fuel cycle system blocks are examined
on their scalability within these boundaries. Each fuel cycle loop bears different limitations to
linear scale-up, hence they are discussed separately.

Direct Internal Recycling Loop

All system blocks of the DIRL already encompass a scale-up from current experimental
setups. Therefore, the number of required units can be calculated. The results are shown for
critical subsystems in Table 8.3. As can be seen for a fusion reactor of low efficiency (8 = 0.1 %),
this approach results in high number of parallel subsystems. As the available space in the torus
vicinity imposes a tight restriction on the unit count of most DIRL subsystems, this approach is
bound to fail for § = 0.1 %. Simultaneously, the tritium inventory of the DIRL would increase
by a factor of 6. The issue can be alleviated by improving the throughput of a single unit, which
must obey to certain inherent process limitations.

Within the MIS, scaling of the extruder throughput is constricted thermally and
mechanically (e.g. by cooling rate or torque [66]), hence no significant scale-up is to be expected.
The centrifuge parameter rn can be tweaked to adjust its throughput up to a point where the pellet
speed affects the pellet delivery efficiency np;s. Scaling of the GPS and MIV systems can be
regarded as non-issue in this context.
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8. Fuel Cycle Holistic Simulation

Table 8.3:  Scaling of selected Direct Internal Recycling Loop subsystems for different burn-up fractions .

Block Parameter =0.1% B=0.64% pB=5%

Throughput per unit

Fyis 5) (Pam?/s) 2772.12 44541 74.58
PLS #extruder 62 10 2 F =47Pa- m3/s
#centrifuge 31 5 1 F =96 Pa-m?®/s
MEP Afoil 519.1 m2 81.2 m2 10.1 m2 jmep = 4.265 Pam/s
#MFP 166 26 4 AfOil = 3.14 rn2
#LDP 91 12 3 Q =30 Pa'm3/S
vacuum - 1090 176 31 Q = 2.5 Pa-m¥/s

Assessment of vacuum pump requirement alteration proves difficult, provided that pressure
regime and sub-divertor layout shifts with reactor throughput. For decreasing throughputs
conductance may progressively inhibit the performance, whereas high throughputs pose the
necessity for improved pumping speeds across the vacuum system block.

A possible solution to the high number of Liquid Ring Pumps is the implementation of a booster
stage in between the high vacuum and backing pumps. An additional compression would relieve
the specifications for the LRP performance. The Metal Foil Pump efficiency can be improved by
increasing the pumping probability ypymp and permeation flux jygp. This however requires
energizing to a large extent particles. To evaluate the extent of optimization potential of these
pumps is subject of further research.

Inner Tritium Loop

In principle, the throughput of the EPS and IRPR can be scaled by adjusting the number of
unit blocks #p,erm and #rsa as shown in Table 8.4. The implications of modifying the permeator
setup are discussed in Chapter 6.1. Notably, as S increases, so does the fraction of impurities in
the exhaust stream, which reduces the hydrogen removal efficiency of the permeators. For high
throughputs, the permeator dimensions need to be expanded to create more surface area Aperm
per unit. This is, however, limited by the hydrogen-induced swelling of the palladium membrane,
which demands a dedicated setup and certain boundaries to inhibit mechanical stress [124].
Similar reasoning also prevents increasing the upstream pressure.

The size of the IRPR system is tied to the amount of DT imbalance imposed on the fuel
cycle, which is not directly dependent on the value of . A variation of the throughput may cause
a shift in the DT imbalance in an indirect way, however.

If the protium ingress and DT imbalance remain constant as 8 changes, the fuel cycle can simply
be adapted by adjusting the bypass fraction of the IRPR system and the size of the system block
remains the same. For a low throughput Fiyrr, 12), this results in omitting the bypass stream
entirely and feeding the IRPR with a fraction of Fp;r (7) to uphold the mass balance requirements.
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Table 8.4:  Scaling of the Inner Tritium Loop subsystems for different burn-up fractions .

Block Parameter B=0.1% f=0.64% pB=5%

Throughput per unit

Fret 8) (Pam3/s) 509.21 99.23 32.65
EPS #perm,l 214 37 9 Nperm1 = 140.0 Pam/s
#permI 48 8 3 Nperm, i = 36.5 Pam/s
Finti @) (Pam?/s) 494.29 85.77 19.36
MBypass 94.65 % 69.13 % 0%
IRPR #1sa ~65 65 ~65 Fteed,cont = 0.41Pa

-m3/s

Outer Tritium Loop

All system blocks of the OUTL contain single unit processes optimized for one point of
operation only. Linear scaling of the throughputs by increasing column diameters does not yield
comparable results. Additionally, as the total amount of tritium lost F, is capped indifferent of
the fuel cycle size, the detritiation requirements tighten as S decreases. For each of the three
separation processes, the overall size and number of stages increase substantially.

8.2.2 Change of Direct Internal Recycling fraction

The greatest novelty implemented for the DEMO fuel cycle is the DIR concept. Depending
on the performance of the Metal Foil Pumps the fraction npg of hydrogen throughput bypasses
the Inner Tritium Loop entirely. Considering a change to the value of npir = 0% ...99 % has
two primary implications on the fuel cycle design.

First, the throughputs of the two vacuum pump trains downstream the MFP, processing
separately the DIR Fpr (7) and exhaust stream Fge (8) shift in quantity and the distribution of
pumps must be adjusted accordingly. In addition to the shift, if npr is lowered, so is the amount
of matter compressed by the Metal Foil Pumps. To compensate this reduction of pumping speed,
the capacity of the remaining vacuum system must be scaled up.

Secondly, the system downstream the DIRL is to be adapted to accommodate a different
throughput. For a reduced efficiency of the MFP subsystem, the simplest solution is to increase
the amount of permeators implemented into the Exhaust Processing System. Thus, in a parameter
study, the permeator setup is analyzed for a variation of its input quantity. Specifically, the
Reference Design Point assuming npr = 82 % is compared to npr = 50 % as well as npr =
0 %. Similar to Figure 6.4, the resulting hydrogen isotope fraction in the upstream tube is mapped
across the length of the permeator in Figure 8.4. The number of permeators in each case is adapted
such to attain the same gas composition at the interface downstream the second stage.

If npir is reduced, the hydrogen fraction increases in the exhaust stream, which in turn results in
an increased efficiency per permeator and a non-linear scaling of the permeator numbers. To
achieve the same hydrogen removal efficiency nperm = 99.71 % as for the RDP the amount of
permeator units required increases from 45 to 92 for np;r = 50 % and 164 for npr = 0 %,
respectively. Figure 8.4 b) also shows the amount of permeators used in each stage.
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Figure 8.4:  Parameter study for different fractions of npy as a) linear and b) logarithmic plot. The number of permeators are
adapted such to attain the same gas composition at the interface to the next system downstream the second stage.

In the opposite case - as np;r approaches unity - the EPS can be reduced in scale. However,
this does not translate to a reduction of throughput of the IRPR system block, because of the mass
imbalance of protium ingress and the DT imbalance. As the fraction of the exhaust stream
decreases, so does the potency of the IRPR block, as a lower fraction of the overall throughput
remains to modify the isotope composition. The threshold is reached if no bypass stream Fy,y a5

(15 is used in the IRPR system as per Equation (6.34). For the assumptions made for the RDP (cf.
Table 3.10), this occurs at np;r = 94 %. Beyond this point, a fraction of Fp;r (7) must be
withdrawn and fed to the IRPR to uphold mass balance requirements and ensure reactor fueling
in a proper composition. Although technically feasible, this approach defeats the purpose of the
fast-recycling approach for that portion.

In principle, the task can be achieved as well by upscaling the system blocks of the OUTL
but considering the large ramifications of upscaling three system blocks designed for a single
point of operation this option is far less attractive.

It can be concluded, that much reduced fractions of npg can justifiably be buffered by
upscaling the EPS system block. This conclusion is tied, however, to the assumption that the scale
up of the vacuum pumping system is feasible.

8.2.3 Change of Hydrogen Composition

In the RDP, the fuel composition is assumed as an equimolar fraction of D and T upstream
the torus to maximize the cross section of the fusion reaction. A deliberate shift of composition is
a conceivable strategy to counteract certain behavior within the plasma or to reduce the plant
tritium inventory.

Independent of which point of operation is considered optimal, maintaining it within a certain
margin over the course of several pulses will remain as a requirement. The mass balance between
deuterium and tritium must therefore be considered as well as the strategy of inhibiting the
concentration of protium. To uphold steady state composition requires optimization of several
system blocks and precise understanding of the interplay of the processes therein. The RDP
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assumes the values postulated in Table 3.10. Various scenarios arise for a deviation from these
values and a fuel cycle layout must be adapted correspondingly.

To define the performance requirements of the three primary actuators: (i) the IRPR, (ii)
the 1SS and (iii) external top-up, let Q; be the difference between the source and sink terms of a
given loop L and isotope Q. Source terms in this context are all external inputs, such as permeation
into the loop or supply, such as the deuterium NBI. The sink terms are defined for tritium in
Section 2.2. For the other isotopes, the same definition applies, except decay must not be
considered. Equation (8.4) exemplifies this for protium in the DIRL.

Fsource (DIRL: H) - Fsink (DIRL, H) = HDIRL- (8-4)
DT fuel

Now, for the DT equilibrium different scenarios can be distinguished. First the overall mass
balance fixes the boundary condition of the top-up stream:

(a) Overall deuterium surplus: Dpirt, + Dint. + Doyt > 0 —> Remove deuterium,
(b) Overall deuterium shortage:  Dpiri, + Dintr. + Doutt, < 0 = Add deuterium,

(c) Overall tritium surplus: Toir, + TintL + Tout, >0 - Remove tritium,
(d) Overall tritium shortage: Toire + Tinte + Tout, <0 = Add tritium.

In scenarios (a) and (c), the total surplus quantity must represent a high purity output stream
of the ISS to allow for effective removal of that isotope. In case (b), deuterium is to be added from
outside and in scenario (d) the fuel cycle fails to achieve tritium self-sufficiency. The duty of the
Isotope Rebalancing system is given by consideration of the INTL and DIRL mass balances:

(e) INTL deuterium surplus: Dpire + Dint > 0 = IR removes deuterium,
(f) INTL deuterium shortage: Dpiri + DintL < 0,

(9) INTL tritium surplus: Tpire + Tint > 0 —> IR removes tritium,
(h) INTL tritium shortage: Tpre + Tinte < 0.

The RDP assumes scenario | and Equation (6.34) can be used to determine the bypass ratio
Nbypass Of the IRPR system. In the case of a tritium surplus (g), the interconnection displayed in

Figure 6.5 is inverted and the tritium-enriched stream Fyjgp _tric (17) feds into the 1SS instead of
the deuterated stream Fjoy,—ri¢ 6. In that case, TMhypass 1S derived by Equation (8.5).

0= F@ ’ (Y@(D) _Y@(T)) + Nbypass * F@ : (y@(D) - y@(T))

(8.5)
+(1 - K) : (1 - TIBypass) : F@ : (Y@(D) - Y@(T))

For a combination of scenarios (f) and (h), the Isotope Rebalancing system can be omitted as
rebalancing is automatically provided by the top-up.
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8. Fuel Cycle Holistic Simulation

Protium

Concerning protium, the duty of the Protium Removal and ISS system is given by scenarios
(i) and (j), respectively. The inverse scenario - in which the total amount of protium is declining
over time - can be disregarded as trivial in this context.

(i) INTL protium ingress: Hpry + Hint, > 0 - PR removes protium,
(j) Overall protium ingress: Hpire, + Hintr + Hourt > 0 1SS removes protium.

In the RDP, Protium Removal and Isotope Rebalancing are combined into the same TSA
process. The maximum amount of protium removed this way is then tied to the design parameters
of the IRPR system. Steady state is achieved when Equation (8.6) is satisfied.

Hpre + Hinte = FintL * YintLn * (1 — Nbypass) * & (8.6)

where Fiyrr, and yjntr g are the throughput and molar fraction of protium upstream of the IRPR
system in mol/s and mol/mol, respectively. 7,y a5 and k are defined in Section 6.2. If Equation
(8.6) is not satisfied, the molar fraction of protium in the fuel gas will increase (>) or decrease (<)
until a new steady state protium concentration is matched.

Equation (8.7) then relates yiytL n t0 Ymis -

((FMIS *ymisp + Hpre) * (1 —npr) + HINTL) *Nperm = FINTL * YINTL H/ (8.7)

where Fys and yys » are the throughput and molar fraction of protium upstream the torus in
mol/s and mol/mol, respectively. npr and nperm are the hydrogen removal efficiency of the
Metal Foil Pumps (cf. Section 5.2) and the Exhaust Processing System (cf. Section 6.1).

Importantly, the influence of protium ingress in the two loops is not equivalent, given that
a large portion of Hpgy, is recycled internally and bypasses the Protium Removal. From Equation
(8.7) one obtains the weighting factor Hpry, = Hintr * (1 — npr)- Thereby, ingress of protium
in the INTL is easier to remove than ingress in the DIRL. Combining Equations (8.6) and (8.7)
yields Equation (8.8), which correlates the protium concentration in the fuel gas to the process
parameters of the DEMO fuel cycle and the expected ingress of protium.
HpirL+HINTL HinTL

F, . = — — H .
L yMIS'H (1_leypass)'K'77perm'(1_77DIR) (1-71pir) DIRL (88)

As protium is accumulated with deuterium in the TSA setup, this equation can only be used in
scenarios 1, (f) and (h). In the case of scenario (g) Protium Removal must be realized separately
from the Isotope Removal System.
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8.2.4 Impact of the Outer Fuel Cycle Performance

The choice of the Breeding Blanket concept governs to a large extent the requirements of
the OUTL. In consequence, all concept candidates currently iterated need to be incorporated as
potential boundary conditions. The HCPB and WCLL concepts described in Appendixes Al and
A2 incorporate all system blocks under discussion and provide a quantification of expectable
outputs.

In the fuel cycle simulator, the Outer Fuel Cycle is implemented as a modifiable boundary
condition. Each of the three major components (BB, TERS & CPS) is modelled for both concepts
as a black box system block with a number of adjustable parameters. The performance and output
quantities are taken from the literature or estimated for each concept.

Leakage from the first wall and the BB into the coolant must be considered. For the reactor
leakage Katayama et al. performed estimations [125]. For the Breeding Blanket the considerations
strongly depend on the implemented concept. Here, leakage from the Breeding Blanket is
quantified only. The effect can be moderated by taking anti-permeation measures (e.g. anti-
permeation coatings). This is indicated in the following as the Permeation Reduction Factor
(PRF > 1).

The integral Tritium Breeding Ratio defined in Equation (2.8) is assumed conservatively as
TBR = 1.05. To achieve this number, more than three quarters of the reactor first wall must be
covered in blankets, with the rest attributed to the divertor, heating, MIS and diagnostic ports.
The TBR of each blanket section must consequently be designed to exceed TBRgg > 1.20. This
is achieved by maximising the torus wall coverage factor within the blankets and a simultaneous
lithium breeder enrichment of the isotope ®Li. The latter exhibits a larger neutron cross section of
the reaction described in Equation (2.6) over the reaction of ‘Li in Equation (2.7). These
considerations are covered in [10].

Of the two concepts, the HCPB is chosen as boundary condition for the Reference Design Point.
The decision is concluded after observation of several implications resulting from the two
concepts. The main decision drivers are:

(i) The TERS output of the HCPB concept represents the worst-case assumption - given the
large quantities of protium purge used - and implies a heavy additional duty on the OUTL
Loop.

(if) In the WCLL concept, the ramifications of the TERS technology choice are not yet
foreseeable. The implemented model is heavily based on assumptions and represents a
trivial boundary condition (pure tritium), easily retrofitted into any fuel cycle.

(iii) Separation of hydrogen from helium coolant represents a manageable task.

(iv) The CPS system of the WCLL remains a largely unsolved issue. Permeation of
considerable amounts of tritium are expected into the coolant water and represent a critical
technical requirement to be overcome. The topic is currently under investigation [126].

For the WCLL concept, a substantial increase of the WDS system is to be expected, whereas
requirements of the EDS and ISS are reduced.
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8. Fuel Cycle Holistic Simulation

8.3 Transient Behaviour

8.3.1 Fuel Cycle Initialization

Steady state is assumed as standard point of operation throughout all processes in the fuel
cycle. To reach this standard point of operation however, each process must carry out a start-up.
In this section, the different processes modelled in the fuel cycle simulator are examined regarding
their start-up period tg.,-, Which is defined as the time span between a generic initialization and
the convergence to a steady state. As the fuel cycle simulator described in this work supports
transient modelling, tg4- Can be determined by observing the simulation time after initialisation.
From this, the inertia of each subsystem to a change in operating parameters can be assessed.
Notably, as reaction Kkinetics is generally not incorporated into the model code, tgi.r¢ provides
only a rough estimation of the start-up process.

In the case of continuous processes, such as the separation columns of the Outer Tritium
Loop, an optimal operating point is predetermined by their boundary conditions. After
initialisation from any point or a parameter change, the system converges towards a steady state.
Using Cryogenic Distillation as an example, Figure 8.5 depicts the molar fraction of the deuterium
isotopologue in the liquid phase zp, throughout the column for different points in time after
initialisation. The steady state refers to Figures 7.6, 7.7 and 7.8 for Columns #1, #2 and #3,
respectively. Deuterium is chosen in this context because it is present prominently in all three
columns. To display the behaviour, a simple initial value is assumed for each column.

0 < zp,(CD #1) < 0.8, 2p, (CD #2) = 0.6, zp, (CD #3) = 0.8. (8.9)

Figure 8.5 b) in particular shows how the deuterium profile becomes more pronounced over time.
The two outputs at the top (n = 0) and bottom of the column (n = 55) then influence the
equilibrium of the other two columns (cf. Figure 8.5 a) and c)). Since Columns #1 and #2 pass on
part of their output to each other, a feedback loop is created. This adds inertia to the system. For
example, as the amount of deuterium at the top of Column #2 increases, the deuterium inventory
in the first column also increases over time until, at steady state, the composition at the head of
the second column equals the composition at the ngeq in the first column. Similarly, the
deuterium content in Column #3 increases from t = 1000 s over t = 10000 s to steady state. For
the CECE process a similar feedback loops results from the interplay of the electrolyser and the
LPCE column. The Wet Scrubber column lacks such a feature and converges significantly faster.
The permeator adapts to change within N iterations steps, where N is the number of nodes chosen
in the discretization.

In discontinuous processes that are divided into several phases, i.e. in this work the TSA process
implemented in the Inner Tritium Loop, there is no single operating point that represents the
optimum state. Instead, the end point is shifted with every phase change. The transient behaviour
of the TSA process and convergence to a consistent output is shown in Figure 6.9 a). All other
processes in the fuel cycle which are not discretized, such as the system blocks in the DIRL, do
not display transient behaviour. The output quantity and composition are modelled as function of
the input and not of time. The start-up times of the different processes are summarised in Table
8.5 in the next section.
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8. Fuel Cycle Holistic Simulation

8.3.2 Dwell Phase

The current setup of DEMO foresees two hours of fusion operation interrupted by a dwell
phase of about twenty minutes. As a chemical plant, the majority of the fuel cycle processes
involved must be maintained in a steady state over this short period of time to keep peak
performance. The dwell bypass introduced in Section 5.4 guarantees a uniform boundary
condition for the Exhaust Processing System an all system blocks downstream.

Concerning the DIRL, the screw extruders of the Pellet Launching System are also assumed to
require steady state to maintain operation temperature. In the fuel cycle simulator, they dump all
frozen hydrogen output into the Matter Injection Vacuum, which feds back into the GDCM. The
three-way valve of the RUN-VENT cycle in the GPS is closed to the fuel cycle and NBI is
assumed shut down as well. The torus is evacuated assuming Equation (8.10).

dl orus
td—t = Foutgas — S Ptorus> (8.10)

where Fo¢gas = 0.1 Pa-m?/s is assumed as the only remaining input source of the torus and
concurrently the protium ingress assumed in Table 3.10 for the RDP. The pumping speed of the
high vacuum pumps S = 100 m3/s is given in Table 5.3. Whereas the vacuum pumps will
maintain operation to pump away the outgassed species, the separation function of the Direct
Internal Recycling is not required during the dwell phase. Hence during this period, the MFP is
not operated by simply turning off the plasma source. The output of the torus then governs the

throughput of the vacuum pumps downstream the retentate path F.o; (8). Table 8.5 summarizes
the behaviour of every subsystem during the dwell phase.

Table 8.5:  Dwell behaviour and process start-up period for all fuel cycle subsystems.

Loop  System block Subsystem Dwell behaviour tsiart (5)
Torus Tokamak is evacuated -
PLS maintains steady state -
MIS GPS full recirculation -
DIR MIV full recirculation -
Loop Vacuum MFP stops -
LDP+LRP evacuates torus -
GDCM Buffer vessel creates dwell bypass -
EPS Per_meators ma!nta!ns steady state 10
INT Impurity removal maintains steady state -
Loop IRPR Buffer vessel maintains steady state -
TSA maintains steady state 11000
Combiner maintains steady state -
EDS Condenser maintains steady state -
oOUT Wet Scrubber maintains steady state 1000
LPCE column maintains steady state 6000
Loop WDS S
Electrolyser maintains steady state -
1SS CD gqlumns ma!nta!ns steady state 20000
Equilibrator maintains steady state -
BB no tritium generation -
Outer Fuel Cycle TERS+CPS maintains steady state -

119



The transient modelling in the Aspen Custom Modeler requires continuous boundary
conditions to operate properly. Therefore, the dwell phase of 1200 s includes a ramp-up and ramp-
down of 50 seconds each. The throughputs up and downstream the torus as well as the dwell
bypass is shown for the transition periods as well as the dwell phase in Figure 8.6. Whereas the

input streams (in red) show a sharp profile during the transmission, the torus output streams and
retentate stream display a transient behaviour beyond the ramping periods.

In summary, to account for the pulsed operation of a tokamak fusion reactor, the fuel cycle
must include a regulatory mechanism to remove the influence of a periodic change in input
boundary conditions to the delicate isotope separation processes in the Inner and Outer Tritium
Loop. Equally crucial is to perpetuate the overall throughput as well as to maintain a constant
isotopic composition upstream of the IRPR and the Outer Tritium Loop system blocks.
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Figure 8.6:

Throughput of various streams over time that shift in quantity over the dwell phase. Intermediate periods A and B

mark the ramp-down and ramp-up of plasma operation and each represent 50 s of the 1200 s total dwell period
expected for DEMO.
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8. Fuel Cycle Holistic Simulation

8.4 Performance Evaluation and Optimization Potential

8.4.1 Meeting Design Criteria

Design criteria of the fuel cycle include the tritium self-sufficiency, limitation of the loss
term and maintenance of fuel gas mass balances. Given these criteria, the performance of the fuel
cycle as modelled in the fuel cycle simulator can be evaluated.

The tritium self-sufficiency is given for the RDP of DEMO with an annual plant availability
exceeding 7 % at a TBR = 1.05. This provides a considerable buffer for the built-up of a tritium
surplus and guarantees the start-up inventory of future fusion power plants.

The system-wide loss of tritium amounts to about 1.6 g/a. In the absence of available
administrative thresholds for the DEMO reactor, this cannot be evaluated conclusively. However,
the obtained value is between the ITER limits of 0.6 g/a for a normal operation year (cf. Equation
(3.26) and of 2.5 g/a for heavy maintenance years. If stricter guidelines are imposed onto DEMO,
further detritiation measures will have to be taken, with the consequence of higher required
detritiation efficiencies and/or a higher tritium inventory.

A balanced mixture of the deuterium and tritium fuel can be maintained in steady state by
implementing the system blocks IRPR and ISS in the way presented. Protium concentration
stabilizes at a concentration of about 1 % for an assumed protium ingress of 0.32 Pa - m>/s.

8.4.2 Optimization Potential

Within the scope of the three-loop fuel cycle architecture and the technology selection
given in Section 2.4, the Reference Design Point covers to a high degree the available potential
for optimization.

A reconsideration of the fuel cycle design or at least the underlying assumptions postulated
in the RDP, can be derived from this work. The inclusion of a semi-continuous process in the
IRPR system with inherently low equivalent steady state throughputs certainly leads to high
residence times and thereby considerable tritium inventories. It must be considered whether the
function foreseen for the IRPR system can just as well be integrated into the ISS system block.
As a result, the design of the fuel cycle can be simplified. The permeate output of the EPS FintL
(12) is then split into a large bypass stream Fpypass (15 and a split stream is fed directly to the ISS.

Based on the assumption that protium and deuterium can be recovered from the ISS column with
the same purity as calculated for the RDP, the new bypass fraction can be reduced to npypass =
22.34 mol%. This assumption inherently entails a larger fraction of tritium entering the ISS
column and thus also the atmosphere. At the same time, the size and energy requirements of the
cryogenic application increase.

In general fuel cycle elements that concentrate tritium in solid or liquid phase are to be
implemented carefully by aiming for reduced process time and reduced inventory at higher
throughput.
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9. Summary and Outlook

9 Summary and Outlook

Summary

Within the scope of this work, the entire Inner Fuel Cycle of a full-scale fusion power plant
is built from scratch and integrated into a holistic simulation programme. The behaviour of the
key components is depicted and interconnected by means of simplified physics based models to
allow for integral feasibility of the fuel cycle and judge on the performance of individual
components at reactor conditions. The relevant boundary conditions of the Inner Fuel Cycle are
introduced, and its function and three-loop architecture are derived from them.

All models are integrated in the Aspen Custom modeller to depict the entire fuel cycle
allowing for some systems also to apply transient boundary conditions. The toolset developed
allows both to optimize individual components independently of each other and to analyse
interactions with other subsystems.

In addition to the six hydrogen isotopologues in the form of molecular gas and water, the
fusion product helium and the Plasma Enhancement Gases argon, xenon and nitrogen are
embedded in the model code. Each subsystem has been either described by an established verified
model or in case of unavailability a verification procedure has been executed.

A reference case is setup for the first-of-a-kind DEMO fusion power plant, from which
important operating parameters can be deduced for this and all subsequent power plants. The
underlying physics of all relevant technologies for processing hydrogen is derived from the
literature, broken down and implemented into the fuel cycle simulator. With the understanding
gained, each subsystem is dimensioned for the reference case.

In the Direct Internal Recycling Loop, the throughputs of the subsystems are derived from
the set boundary conditions and by scaling up current experimental setups. A torus throughput of
450 Pa - m3/s is processed by 26 Metal Foil Pumps, which extract and directly recycle more than
80 % of the hydrogen. A total of 15 Linear Diffusion Pumps and 178 Liquid Ring Pumps are
used evacuate the torus to below 10 Pa and compress its steady state throughput to ambient
pressure. The recycled fraction is mixed with other fuel cycle output streams in a gas valve box
and reintroduced into the torus via three different injection methods. Among them are ten twin-
extruders combined with five centrifuge accelerators that deliver frozen hydrogen pellets to the
plasma core.

In the Inner Tritium Loop, a two-staged permeator setup with 45 units recuperates more
than 99.5 % of the remaining hydrogen from the exhaust gas. The chemistry of compound
hydrogen molecules is elucidated and considered in a simplified approach in the model.

In a subsequent semi-continuous Temperature Swing Absorption process, the fuel mixture
of deuterium and tritium is rebalanced to equimolar composition within 64 units. Simultaneously,
the protium ingress into the fuel cycle is counteracted.
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In the Outer Tritium Loop, three processes have been implemented to detritiate the exhaust
streams and optimised for a tight constraint. With the help of purge water in counter flow columns
and a three-staged Cryogenic Distillation process less than 1.6 g of tritium leak from DEMQO’s
fuel cycle over the course of a year. The three isotopes of hydrogen can be isolated in high purities.

An operational tritium plant inventory of about 6.3 kg is derived. The main contributors
are the Temperature Swing Absorption, the Pellet Injection and the Cryogenic Distillation system
blocks. The mass balance of all processed species is established and the individual source and
sink terms are quantified. In a parameter study, the torus throughput, Metal Foil Pump efficiency
and fuel gas composition are varied. Scalability is examined and considerations on an adaptive
fuel cycle layout are presented to cope with a large range of boundary conditions. The transient
behaviour during start-up and the tokamak dwell phase are discussed.

In summary, for a reference case, the functionality of the entire fuel cycle of a fusion power plant
is verified and cohesively reproduced in its entirety. From it, the number of individual components
required as well as the tritium inventories associated with each step can be estimated.

Outlook

In this work, modelling of a fusion fuel cycle is based on mass balances and simplified
Kinetics. In particular the assumption of instant thermal equilibrium as governing driving force
limits the validity of the results to an indicative nature. Hence, the model fidelity - in particular
of isotope separation processes - must be expanded to include kinetics and thermal inertia. This
enables the model to predict performance and tritium inventories of its components more
accurately.

In this context, the Temperature Swing Absorption is to be examined in detail. The setup of the
Isotope Rebalancing and Protium Removal system chosen in this work represents a novel
approach and a modification of a conventional separation process. Currently there is no
corresponding experiment to adequately validate the results obtained in this work. Especially, the
large tritium inventory resulting from the discontinuous operation must be investigated to draw a
conclusion on the applicability of this process in a fusion power plant.

In a subsequent study, a qualification of uncertainties in each subsystem is required. The
parameter study conducted in this work is restricted to the variation of specific fuel cycle
parameters across system block boundaries and neglects the error introduced in individual models
based on material properties. The inclusion of an uncertainty analysis on a subsystem level allows
for a detailed assessment of error propagation across systems and helps identify crucial
limitations.

As a consequence of added complexity combined with the limited computing power of a
single processor core, such an improved fuel cycle simulator is presumably unable to include all
system blocks in its current Aspen Custom Modeler framework. To circumvent this problem,
either the fuel cycle simulator must be ported to a different software capable of parallelization or
the simulation task must be partitioned into multiple smaller units with fixed boundary conditions.
For example, each fuel cycle loop could be considered individually. However, this approach
prohibits the analysis of uncertainty propagation across the system boundaries.
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9. Summary and Outlook

This work is limited to DEMO?’s inner fuel cycle, with the Outer Fuel Cycle treated as a
highly simplified boundary condition. A noteworthy point of discussion is the high protium input
originating from HCPB breeder blanket as derived in Appendix Al. This represents about 95 %
of the total input of the ISS column and increases the size and energy demand of this component
immensely. An iteration of this interface based on this work is a worthwhile consideration. For a
holistic view, the fuel cycle is ideally expanded to include the Outer Fuel Cycle. Furthermore,
other interfaces such as the balance of plant or plant footprint must be taken into account.

To estimate the energy consumption of the fuel cycle, an energy balance must be setup for
all subsystems. Importantly a closer look should be taken at processes that are bound to require
large amounts of energy, such as cryogenic applications and electrolysis. If this is integrated
comprehensively into the simulation, the influence of the individual processes can be quantified,
and the overall fuel cycle can be optimised for this design criterion.

The control feature of the fuel cycle simulator is currently limited to regular operation
including a bypass solution for the dwell phase. If exceptional situations, such as partial system
failures, emergency shutdowns or highly transient boundary conditions are to be taken into
account, an extension of the control setup is indispensable.
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Appendix

Appendix

Al The Helium Cooled Pebble Bed Breeding Blanket

In the Breeding Blankets of the HCPB concept, solid layers of lithium and a neutron
multiplier are stacked alternately in form of radially arranged pebble beds in poloidal direction.
The lithium is embedded in an ortho-silicate matrix (Li,SiO,) in the form of a pebble bed. As
neutrons hit the Breeding Blankets, tritium forms within the pebbles. To remove the generated
tritium, the bed is overflown with huge quantities of helium purge gas (10000 Nm?/h). To improve
the tritium capture efficiency, the purge gas is doped with protium to force a hydrogen exchange
reaction at the pebble surface. Currently the foreseen protium dosage amounts to 0.1 % of the
helium throughput F,(H,) = 281.3 Pa: m3/s.

The substitution of protium with deuterium as flush gas is under discussion, which would
lower protium ingress at the cost of worse exchange reactivity at the pebble surface. Additionally,
given the large throughput of the purge gas, this approach results in a substantial source of fuel
gas disequilibrium. Therefore, deuterium should be disregarded for this application.

Furthermore, the presence of oxygen in the silicate structure will force a fraction of the gas
mixture downstream the BB to be partially oxidized [127]. In summary, large quantities of
protium with a fraction of tritium in the form of HT or HTO as well as helium is the expected
output of the system block. The whole concept is described in [128] as an evolution of the ITER
test blanket modules.

The tritiated purge gas is directed to the TERS, where the hydrogen mixture is isolated
from the helium carrier in series of Molecular Sieve Beds (MSB) [129]. Prior to that, tritiated
water is condensed out, separated and directed to the Water Detritiation System. The MSB collect
the hydrogen gas and send them to the ISS system. In addition to hydrogen gas, the sieve beds are
bound to capture a fraction of the helium carrier. A permeator subsystem - like the one employed
in the EPS - is therefore installed downstream the sieve beds. The permeate (Q,) and retentate
(Q, + He) are directed to the ISS and EDS. The non-captured helium is returned to the Breeding
Blankets after being topped-off and doped with new protium.

In addition to the application as purge gas, helium doubles as the coolant in the HCPB
concept. In a separated cycle even larger quantities of helium are circulated to maintain a constant
temperature during operation (2400 kg/s). A part of the hydrogen content permeates from the BB
into the coolant loops. The hydrogen concentration in the coolant is kept in check by bypassing a
fraction of the throughput into absorption beds [130].

The setup of the HCPB blanket as implemented into the fuel cycle is shown in Figure 9.1. The
output of the HCPB as published in [129] is shown in Table 9.1. However, these values are not
scaled for a fusion power plant of Prpermal = 2000 MW. Calculated from Table 9.1, the steady-
state output of tritium is Fpreeq = 0.944 Pa- m3/s as opposed to a tritium consumption of
Fourn = 1.34 Pa - m3/s. The Breeding Blanket hydrogen throughput from Table 9.1 is thus scaled
for Fyreed = Fourn - TBR to satisfy the requirement of tritium self-sufficiency of DEMO.
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To calculate the Reference Design Point following assumptions are made:

- The Tritium Breeding Ratio is 1.05 as assumed in the RDP. TBR = 1.05
- 90 % the Breeding Blanket output is processed in the TERS. aucpg = 0.9

- The TERS condenser and MSB remove all their water and 7y, wps = 1.0
hydrogen input, respectively. Nwsg = 1.0
- The Molecular Sieve Bed output is contaminated with 10 % He. ymsg(He) = 1/11

- The TERS permeator subsystem has a removal efficiency of 99 % 1, 155 = 0.99

- The leak rate from the BB to the helium coolant loops is assumed 7eax = 0.0037
as 0.37 % [131] for the throughput of both H, and HT.

- Permeation of water in this context is neglected. nq,0 = 0.0
- No anti-permeation coatings are applied. PRF =1
- The CPS hydrogen output matches the leak rate. Feak = Fcps
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Figure 9.1:  Flowchart of the Helium Cooled Pebble Bed concept with the three system blocks “Breeding Blanket”, “Tritium
Extraction and Removal” as well as “Coolant Purification System” as implemented into the fuel cycle simulator.
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Appendix

Table 9.1:  Expected throughputs and composition of the Outer Fuel Cycle system blocks, with the HCPB Breeding Blanket
outputs taken from [129]. Helium F(He) and hydrogen F(Hyd) = F(Q,) + F(Q,O0) are split for readability.

Stream  Fi,  Fycpg Frowps  Fuse  FroEps  Fioass  Fieak  Feps  Unit

106 106 i i i (Pa
F(He) 2.81-10° 2.81-10 26.90  26.90 /)
F(Hyd) 281.39 281.39 8.78 242.07 2.42 239.65 1.04 1.04 _(l;fg/s)
y(H,) 99.54 9577 - 99.25 99.25 99.25 99.25 99.25 (mol%)
y(HT)  0.08 0.73 - 0.75 0.75 0.75 0.75 0.75 (mol%)
y(H,0) 037 348 99.25 - - - - (mol%)
y(HTO) 2.84-10° 0.03 0.75 - - - - (mol%)

This is scaled by a factor of ~1.5 and used as boundary condition for the RDP in Table 9.2:

Table 9.2:  Expected throughputs and composition of the HCPB Outer Fuel Cycle system blocks after application of the scaling
factor to the values of Table 9.1. Helium F(He) and hydrogen F(Hyd) = F(Q,) + F(Q,0) are split for readability.

Fin Fycps Fwowps Fmse FioEps Froiss Freak Fcps Unit

Steam - o @ @ ®m @ ® @

106 106 i i i (Pa
F(He) 2.81-10° 2.81-10 32.74 32.74 ) m3/s)
F(Hyd) 418.07 418.07 13.06 360.18 3.6 356.58 1.55 1.55 -(lr)r’;/s)
y(H,) 99.54 9577 - 99.25 99.25 99.25 99.25 99.25 (mol%)
y(HT) 0.08 0.73 - 0.75 0.75 0.75 0.75 0.75 (mol%)
y(H,0) 037 348 99.25 - - - - - (mol%)
y(HTO) 2.84-10% 0.03  0.75 - - - - - (mol%)

A2 The Water Cooled Lithium Lead Breeding Blanket

In the Water Cooled Lithium Lead (WCLL) concept, an alloy is liquefied and continuously
circulated through the Breeding Blanket. The liquid metal combines enriched ®Li as breeder with
the neutron multiplier lead. The pre-conceptual design for DEMO is summarized in [132].

Downstream the blanket, the generated tritium is extracted from the liquid metal by a
separation process yielding pure tritium. Several technologies are investigated in the context of
ITER and DEMO to be implemented in the TERS. ITER will include a Gas-Liquid Contactor for
this purpose, with an estimated hydrogen removal efficiency of ngrc < 40 %. Potential substitute
candidates for DEMO are the Permeation Against Vacuum and Vacuum Sieve Tray technologies,
each with a theoretical efficiency of npay > 80 % and nyst > 80 %. However, they remain to
be tested to reach comparable technical maturity. A comparative analysis can be found in [133].

Cooling of the WCLL is achieved by circulating a tremendous amount of water
(720 m3 H,0). Given the elevated temperatures, a considerable fraction of the tritium generated
in the Breeding Blankets is expected to leak into the water coolant (Fe,x = 37.4 g/d) [134]. This
yields njeqx = 11.6 % of the tritium generated in a full-power day and impede the tritium self-
sufficiency requirement. Therefore, anti-permeation coatings and a Water Detritiation System
must be installed. The latter can be realised as an in-line or off-line facility of similar design to
the CECE column implemented in the WDS system, which remains to be decided. This issue and
suitable approaches are discussed in [126]. The setup of the WCLL blanket - as implemented into
the fuel cycle - is shown in Figure 9.2. The expected outputs to the fuel cycle of the WCLL
concept are summarized in Table 9.3.
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To quantify the expected output of the WCLL concept, following assumptions are used to
generate the values in Table 9.3. The resulting throughputs do not represent a considerable burden
on the Inner Fuel Cycle (@D is pure tritium and @9 is only a small input to the OUTL). Therefore,
the values are not included as a boundary condition to the fuel cycle in this work.

- All of the Breeding Blanket output is processed in the TERS. awcrr = 1.0
- Permeation Against Vacuum is assumed as TERS technology. Npay = 0.8
- APermeation Reduction Factor of 100 is achieved. The resulting leak PRF = 100
rate from the BB to the water coolant loops is 0.374 g/d. NMeak = 0.0012
- No permeation occurs from the coolant loops back into the BB. Meak back = 0.0

- The CPS system is operated online in a separate WDS system. The yyr = 0.2
tritium throughput of the CPS matches the leak rate. Tritum is g o —5.F
extracted at a purity of 10 % in the form of HT.
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loops 1 . CECE system
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g le?eck } Coolant Purification
2
\
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~

\
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[
: Waste Tritium Extraction &
| Breeding Blanket || Removal System |

Figure 9.2:  Flowchart of the Water Cooled Lithium Lead Outer Fuel Cycle concept with the three system blocks “Breeding
Blanket”, “Tritium Extraction and Removal” as well as “Coolant Purification System” as implemented into the fuel
cycle model.

Table 9.3:  Expected throughputs and composition of the Water Cooled Lithium Lead system blocks. The carrier streams of PbLi
and water are omitted for readability. Tritium generation is assumed at a Tritium Breeding Ratio of TBR = 1.05 and
a thermal output of Pyerma = 2 GW. The leak rate is taken from [134] reduced by a Permeation Reduction Factor of

100.

F; F F F F
Stream in WCLL PAV leak CPS Unit

® K '
F(Q,) 0.47 1.87 1.50 1.87-10%2 815102 (Pa-m3/s)
y(Hy) 0 0 0 0 08 (mol%)
y(HT) 0 0 0 0 0.2 (mol%)
y(T,) 100.0 100.0 100.0 100.0 0 (mol%)
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Appendix

A3 Diffusion Process through a Metal Foil

The diffusion through the foil can be calculated by the local concentration gradient between
the two surfaces of the foil. To quantify this plasma or atomic driven permeation in the fuel cycle
simulator, a calculation approach similar to Equation (3.21) is implemented from [34] in Equation
(9.2).

) Pe\2
Jmax = (?e) " Acgiss, (9.1)

where jax IS the upper threshold of molar hydrogen flux in mol/(m - s - v/Pa) and Acgss iS the
equivalent concentration gradient in Pa - s/mol based on a several process specific parameters
given in Equation (9.2).

Xperm M
Acgiss = Zlfia’m,u ‘N7 (RT)LSa (9.2)
where o, and ay,, denote the surface roughness factor and sticking coefficient for molecular
hydrogen in the upstream chamber.

The sticking coefficient a,, and permeability Pe of Niobium are given by the Arrhenius
equations in Equations (9.3) and (9.4).

am(Nb) = @ - exp (if—;“) (9.3) Pe(Nb) = Pe, - exp (%) (9.4)

With ap,, o and Pe, as the pre-exponential factors in (-) and mol/(m - s - v/Pa), respectively. The
exponential factors E,  and E, are denoted in eV with the values listed in Table 9.4.

Assuming a smooth surface (g, = 1), a thin metal foil (s = 0.1 mm), a transmission
probability of ¥ = 0.3 and a foil temperature of T = 600 °C, one obtains Acgjss ~ 4.44 - 10° Pa-
s/mol. Equation (9.1) then yields a maximum permeation flux for tritium in such a setup of
Jmax = 0.71 Pam3/ (s m?). This represents a higher throughput then measured in the
experimental results of [34] but lower than the value obtained in the DSMC calculation. In
consequence, both the experimental setup and the DSMC calculation must be improved. The
former must demonstrate higher permeation fluxes by adjusting the setup parameters and the latter
must be checked concerning its assumed boundary conditions.

Table 9.4:  Hydrogen sticking coefficients and permeabilities in dependence of isotope of niobium.

Amo(—) Egq, (eV) Source Isotope Pe, (m—Ol) E, (eV) Source
m-s -\/Pa
H 0.13-1077 -0.260
0.01 0.14 [135] D 0.14-1077 -0.276 [34]
T 0.15-107 -0.217
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A4 Hydrogen Absorption in Vanadium and Palladium

Figure 9.3 and Figure 9.4 show the desorption pressure p over hydrogen concentration in
metal cq m for vanadium [111] and palladium [107], respectively. The figures include the process
cycle of the Temperature Swing Absorption process throughout the four phases: (i) 1. Sorption
Phase, (ii) 1. Flow Phase, (iii) 2. Sorption Phase and (iv) 2. Flow Phase.
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Figure 9.3:  The vanadium desorption pressure isotherms for protium as a function of cq,y (shown here as “H/V”). A distinct
isobaric behaviour can be seen in the af transition phase between 0.88 < cq/ < 2.0. The graph is taken from [111]
with the TSA process cycles displayed in colour.
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Figure 9.4:  The palladium desorption pressure isotherms for all three hydrogen isotopes as a function of cq,y (shown here as
“Q/Pd”). A distinct isobaric behaviour can be seen in the af transition phase between 0.03 < ¢y, < 0.6. Graphs are
taken from [107] with the TSA process cycles displayed in colour.
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