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ARTICLE INFO ABSTRACT

Keywords: Nuclear fusion is expected to be a clean and almost-unlimited power source in the near future. The first net power
Balance Of Plant (BOP) demonstration plant (DEMO) is planned to start operation in 2050. The supercritical carbon dioxide (S-CO2)
PROCESS

Brayton cycle is an excellent candidate for integration with a fusion power plant, such as DEMO, because of its
high efficiency at intermediate temperatures and low interaction of coolant with tritium.

cyele . This work analyses a set of S-CO, Brayton cycle layouts for its integration in a DEMO-like fusion power plant
EU-DEMO nuclear fusion power plant ’
Thermal Energy Storage (TES) considering the specific requirements and heat availability characteristics. A framework has been developed to
integrate the PROCESS code and the numerical solver EES to study the thermal and economic aspects of inte-
grating the different S-CO3 cycle layouts. In total, 14 layouts have been studied and grouped into a more con-
servative (DEMO1, pulsed operation) and more advanced (DEMO2, steady-state operation) fusion reactors. The
PROCESS code has been used to obtain the DEMO 2018 Baseline, which defines the available power from each
heat source and their boundary conditions. This code has also been used to assess the cost of the optimal layout.
Thermal storage has been added to the DEMO1 scenario to avoid standby times that could negatively affect the
cycle equipment lifetime and efficiency. Besides, these boundary conditions have been extended to account for
possible technical improvements by the time of its construction in the DEMO2 scenario.

A sensitivity analysis of the most characteristic parameters of the cycles shows a strong dependence on the
turbine inlet temperature for all layouts, which is constrained by the reactor material limits. The cycle efficiency
(electric power produced before consumptions non-related to the cycle) has been selected as the figure of merit
for the optimisation. The results show a 38% cycle efficiency for DEMO1 and 56% for DEMO2 scenarios. These
efficiencies drop to 20% and 38% values, respectively, when the reactor and cooling loop power consumptions
are considered. These values are obtained for current fusion reactor conceptual designs. The economic analysis
shows the economic viability of DEMO2 scenarios.

Supercritical carbon dioxide (S-CO,) Brayton

international ITER project. The ITER project, currently under con-
struction in Cadarache (France), is meant to demonstrate the capability

1. Introduction of achieving net thermal power from a fusion reactor based on a mag-
netic confinement device. In parallel, different countries and interna-
The energy market is currently immersed in a decarbonisation stage. tional bodies are working on the design and construction of pilot fusion
Nuclear fusion is a clean, safe and almost unlimited energy source, power plants. The EU DEMO reactor will tackle this task in the European
which constitutes an excellent candidate to participate in the new en-  Roadmap by 2050 as the first demonstration of net electric fusion power
ergy mix. The expected displacement of carbon-based power production fed into the electric grid [1]. This milestone is expected to open the
will open the door for new baseload producers, with large production pathway for constructing commercial power plants based on nuclear
capacity, as nuclear fusion power plants. The European Fusion Roadmap fusion.
[1] determines the implementation of fusion power plants in Europe. DEMO is intended as a prototype of a commercial fusion power plant

The next crucial milestone in this pathway is the construction of the
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Nomenclature

S-CO; Supercritical carbon dioxide
TES Thermal Energy Storage
SHS Sensible Heat Storage

PCM Phase-Change Materials

TCES Thermochemical Energy Storage

LCOE Levelized Cost Of Electricity

EFDA European Fusion Development Agreement
WCLL Water-Cooled Lithium-Lead blanket

HCLL Helium-Cooled Lithium-Lead blanket
HCPB Helium-Cooled Pebble Bed blanket

BNK Blanket and first wall heat source

DIV Divertor heat source

SHD Shield heat source

LTR Low-Temperature Recuperator

HTR High-Temperature Recuperator

TD Temperature Difference

HLC HTR-LTR-secondary compressor high-pressure side layout
HCL HTR-secondary compressor- LTR high-pressure side layout
NC No secondary compressor high-pressure side layout

o Mass fraction flowing through the secondary compressor
DSL DIV-SHD-LTR low-pressure side layout

LDS LTR-DIV-SHD low-pressure side layout

NDS No DIV and SHD low-pressure side layout

HT High Temperature

SS Steady-state

2T Double turbine

HRF Heat Recovery Fraction

and as the last step in the research-focused reactors [1]. Its main goal is
to produce electric power, but not to compete with the other energy
agents in the electric market. Lessons learnt from ITER and DEMO will
play a significant role in the commercial reactors that will follow DEMO.
In this work, a power plant based on DEMO is studied to explore the
reference design and to discern what paths should be followed to
improve future fusion power plants designs.

The deuterium-tritium fusion reaction is the best candidate as it has
the largest cross-section at relatively low input energy. Deuterium is
easily obtainable as it can be found in seawater. However, tritium is a
radioactive material with a very short half-life of 12.3 years, so natural
reserves are almost non-existent. DEMO will self-supply its tritium
consumption through the addition of a breeding blanket. This breeding
blanket consists of a layer of lithium that will receive the impact of the
neutrons exiting the plasma. The resulting nuclear reaction produces
tritium. DEMO will be the first fusion experiment to feature a complete
breeding blanket. ITER will only have a limited breeding blanket for
testing purposes [2].

The fusion reactor will be integrated with a power conversion system
to generate electricity from the thermal power [3,4]. Different cycles
have been proposed to fulfil this role, such as a Rankine cycle [5], with
an estimated efficiency of 37.7%, and requiring large installations, or a
Helium Brayton cycle [6], with an efficiency of 37%. It is relevant to
highlight that the assumptions regarding the design and boundary
conditions of the DEMO project will change in time as its design gets
more refined in the iterative design process. Comparisons amongst
existing studies must consider these differences in the designs and
contributions are required in this pathway.

The supercritical carbon dioxide (S-CO3) Brayton cycle or Feher
cycle [7] was first presented by Sulzer Bros in 1948 [8]. Supercritical
carbon dioxide cycles are characterised by excellent efficiencies for
medium-range temperatures, relatively small machinery and little
power consumption in the compressor as it is working close to the
critical point [9,10]. The S-CO, Brayton cycle has been proposed for
concentrated solar power in [9,11], where it compared positively with
other technologies. In [12], the effect of varying thermal power input in
a solar-thermal power plant is studied, concluding that the thermal
inertia of the system can overcome short power outages. In [13], this
cycle is used in a biomass-fired oxy-combustion power plant instead of a
conventional Rankine cycle to reduce costs and increase the cycle effi-
ciency. An S-CO, Brayton cycle for a 1000 MW coal power plant is
presented in [14], achieving an overall power plant efficiency of 50%. In
[15], a state-of-the-art review of the different cycles available in the
literature is presented and reaffirms the wide range of applications of the
S-CO; Brayton cycle. Wu et al. [16] reviews the advantages of this cycle
for various nuclear power plants applications, proposing its usage in
small nuclear reactors, generation IV nuclear fission power plants and

fusion power plants.

S-CO; Brayton cycles have also been proposed as the power con-
version system associated with a future DEMO-like reactor [2,4,5].
Linares et al. [17] proposes a series of cycles based on an S-CO; Brayton
cycle with a double recuperator and double compressor. In these lay-
outs, heat coming from the breeding blanket is always included before
entering the turbine. The power from secondary heat sources is, in some
cases, included in a channel that by-passes the low-temperature recu-
perator or at the secondary compressor outlet. Vesely et al. [18] studied
a double recuperator, double compressor layout with only the input
from the breeding blanket. In [18], a double recuperator, single
compressor layout is also studied, where the rest of the heat sources are
used in parallel to the low-temperature recuperator. Ishiyama et al. [5]
presented a double recuperator, double compressor layout where heat
coming from the divertor is used after the low-temperature recuperator
and power from the blanket, after the high-temperature recuperator.
Additionally, tritium is more straightforward to recover from S-CO5 than
from water [5], one of the most common thermal fluids used in power
plants. An S-CO- Brayton cycle could be an adequate solution for DEMO,
as it has an excellent performance in this medium temperature range. In
this text, the term power conversion system refers to the S-CO5 cycle
(this is the power block that converts thermal power into electricity),
and fusion power plant comprises the whole system: reactor, auxiliary
systems and power conversion system.

The most realistic and conservative DEMO design, named DEMOL, is
based on a pulsed reactor that will possibly require a thermal energy
storage (TES) system to ensure continuous operation [3,19]. Currently,
there are three main processes used to store thermal energy. The sensible
heat storage (SHS) [20,21] uses the incoming thermal power to increase
the temperature of the storage material during loading periods. During
the unload process, the material cools down. Phase-change materials
(PCM), also known as latent heat storage, store the energy as the
phase-change enthalpy of the storage material [22-24]. Thermochem-
ical energy storage (TCES) is based on reversive, endothermic/ex-
othermic reactions, that store/release energy in the chemical bonds of
the reactants [25-27]. These technologies are evaluated as possible so-
lutions for a DEMO1-like reactor TES system.

While S-CO; cycles are among the most promising technologies [3]
for application to fusion power plants, the power block design and
integration for future nuclear fusion reactors is still an open issue. The
study of optimised systems integration based on reactor characteristics
and power block performance are required. There are outstanding
questions regarding their integration with current reactor designs and
their operation, and potential advancements in materials and achievable
temperatures. Along this line, this paper analyses the integration of
different variations of the S-CO3 cycle with a DEMO-like fusion reactor.
These variations are defined to incorporate the different heat sources
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foreseen for DEMO at different temperature levels. The methodology is
based on the definition of a framework integrating the system code
PROCESS [28,29] for reactor evaluation and the numerical solver EES
[30] for power blocks. PROCESS is a system code developed by the
Culham Centre for Fusion Energy (CCFE) to model a fusion power plant.
This framework has been used to assess the thermodynamic and eco-
nomic performance of the proposed cycles.

This paper is structured as follows. Section 2 introduces the bound-
ary conditions regarding available heat sources and the DEMO reactor
and breeding blanket topology. Section 3 analyses the TES and assesses
their suitability for a fusion power plant. Section 4 presents the pulsed
and steady-state layouts to be analysed. In section 5, the performance of
the layouts is compared in terms of their cycle efficiency and Levelized
Cost Of Electricity (LCOE). Finally, the main conclusions of this work
and outlook are presented.

2. Heat sources in a DEMO-like reactor

Two options are currently being considered for the design and
operation of a DEMO reactor: DEMO1 [31] and DEMO2 [19,32,33].
DEMOL1 is a pulsed reactor, in which the operation of the reactor is
discontinuous, following the current tokamak [34] reactor designs.
DEMO2 is based on a steady-state design, considering advances in
reactor technology able to maintain continuous operation. The former is
based on a more conservative approach, where technical and physics
advancements cannot support the steady-state imposed in DEMO2.

Fig. 1 shows the available heat sources in the DEMO reactor design.
The first wall is the first material layer exposed to the plasma. The
breeding blanket is the primary heat source for a DEMO-like reactor.
Here, the tritium required in the fusion process is bred. The divertor
collects helium “ash” and other impurities (such as eroded particles from
the tokamak walls) coming from the plasma. The shield constitutes a
protective layer that stops particles from escaping. In 2005, the Euro-
pean Fusion Development Agreement (EFDA) proposed four cooling
scenarios for the blanket, starting from a fundamental and technically
ready approach to more advanced and optimistic systems [35,36]:

Model A: Water-cooled lithium-lead. The cooling of the breeding
blanket is carried out by water, while the tritium breeding by lithium-
lead. The temperature is limited by water evaporation. An upgraded
version, model AB or HCLL (helium-cooled lithium-lead), changes water
with helium. The usage of helium allows for higher temperatures. For
both cases, the divertor and the shield are water-cooled.

Model B: Helium-cooled pebble bed (HCPB). Pebbles of beryllium are
embedded in the lithium. The cooling scheme is the same as in model
AB.

Model C: Dual coolant blanket. Lithium-lead breeds tritium and cools
the blanket together with helium. Higher temperatures are reached due

a)
Shield
Divertor
First wall
. Blanlks
First wall :
Blanket Shield

Divertor Vacuum vessel

Fig. 1. a) DEMO schematics with the available heat sources. Reprinted from
Fusion Engineering and Design, Vol. 109, T. R. Barret et al., Progress in the
engineering design and assessment of the European DEMO first wall and
divertor plasma facing components, page 8, 2016, with permission from
Elsevier. b) DEMO cross-section schematic.
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to technological advances.

Model D: Self-cooled blanket. Lithium-lead is used for tritium
breeding and cooling. Temperatures around 1100°C are expected [37].

Currently, WCLL and HCPB have been chosen as the best options, as
they are the most realistic and practical approaches [38,39]. These
model structures are designed to be constructed using EUROFER97, a
low-activation martensitic steel that can withstand temperatures up to
550°C [40]. HCPB will be used as the reference breeding blanket in this
work.

The DEMO Baseline 2018 [31,38] is the latest official DEMO design.
It contains the main physics and engineering parameters that define the
DEMOL1 reactor. The DEMO Baseline 2018 has been obtained by mini-
mising the major radius of the tokamak through the system code PRO-
CESS. The data from this baseline is used in this work to simulate a set of
S-CO, Brayton cycles. The main heat sources are categorised as the
blanket and first wall (BNK), divertor (DIV) and shield (SHD). BNK
provides most of the power with 2.2 GWt of the 2.6 GWt total. The BNK
temperature is limited to 550°C because of using EUROFER97 steel due
to its adequate performance under neutron bombardment. This steel
usage sets a maximum temperature of 500°C on the coolant side to ac-
count for a safety margin with EUROFER97 and thermal losses in the
heat exchange process. In this baseline, DIV and SHD are expected to be
water-cooled, which sets a maximum temperature of 150°C to avoid the
phase change of the coolant. The heat sources specifications are shown
in Table 1.

The power requirements for the reactor and auxiliary systems are
specified in the DEMO Baseline 2018. These contain the power needed
to start and maintain the plasma, the tritium treatment plant, the
cryoplant for the high-temperature superconductors used for the coils,
poloidal and toroidal coils and helium and water pumps. The total
required power is 491.9 MWe, with the primary coolant pumps
consuming approximately half of it. A breakdown of these consumptions
can be found in Table 2. The present study does not consider an increase
in the heating and current drive consumption for the DEMO2 scenario
compared to the DEMO1 scenario. In contrast, previous studies indicate
this consumption could significantly increase to sustain a steady-state
scenario [41].

To summarise, the DEMO Baseline 2018 proposes an HCPB breeding
blanket with a EUROFER97 structure that limits its temperature to
500°C. The DIV and SHD are water-cooled, so the water temperature
cannot exceed 150°C.

3. Thermal energy storage for fusion power plants

The DEMO1 concept follows a pulsed reactor design. This arises a set
of problems related to the working lifetime of the turbomachinery and
the efficient operation of the power conversion system. A cycling
operation would induce thermomechanical fatigue on the turbine and
other components of the power cycle, reducing their expected lifetime
drastically. It implies that the pulsing operation mode of the reactor will
generate partial load operation in the power cycle during a relevant part
of the time, with successive loading and unloading ramps. Under these
operating conditions, far from the rated conditions, the power conver-
sion system efficiency will be penalised. Thermal energy storage (TES) is
an effective way of facing these issues, as it will provide thermal power
whenever the reactor is not available [3,19]. During the pulse, a fraction
of the power generated by the reactor will be used to charge the TES,

Table 1
Heat source specifications from DEMO Baseline 2018 following a breeding
blanket model B.

Heat Source Tmax [°C] Power [MWt] Coolant
BNK 500 2254.0 Helium
DIV 150 389.5 Water
SHD 150 1.5 Water
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Table 2
Electric power needs in the DEMO Baseline 2018 as obtained from the PROCESS
code.

Heating and current drive 127.5 MWe  Primary coolant pumps  234.0 MWe
Vacuum pumps 0.5 MWe Tritium plant 15 MWe
Cryoplant 39.9 MWe Toroidal field coils 9.5 MWe
Poloidal field coils 0.6 MWe Other 64.8 MWe

which will unload during dwell time. Harrington et al. [42] proposes a
water-cooled DEMO1 Rankine cycle with no energy storage system. This
study concludes that the turbine would not show significant
thermal-induced stress if kept spinning during the dwell time. This study
also points out that avoiding a TES in a He-cooled reactor would be
inherently more challenging due to a more significant pumping con-
sumption and more substantial inlet/outlet temperature differences.

Different papers on pulsed nuclear fusion reactors acknowledge the
importance of adding a TES system. Lucas et al. [43] reviews several
energy storage systems and argues that only hydrogen and TES systems
can scale to the needed sizes. Amongst the TES options, molten salts (a
PCM material) are the most promising ones for this application. The
same conclusion has been reached by Kovari et al. [3]. [44] introduces a
TES system based on the usage of solar salts.

Table 3 shows a comparison of relevant parameters for the TES
systems. This table depicts the normal range of actuation of these
technologies, but there are specific cases where some materials may be
outside these limits. For example, cast steel (an SHS material) has a
storage capacity of 450 kWht/m?, a heat conductivity of 40 W/mK and
an estimated cost of 60 $/kWht.

As the DEMO Baseline 2018 is modelled based on a DEMO1 scenario,
a TES is required to ensure continuous operation and to avoid partial
load and material fatigue that could be disastrous for high inertia ele-
ments, such as the turbines. In this baseline, the DEMO pulses last 2
hours with a dwell time of 30 minutes, the ramping between both stages
requires 10 minutes. A TES system for a DEMO-like fusion power plant
will have the following requirements:

The working temperature is in the range of 500°C for the BNK power
source and 150°C for the DIV and SHD.

It must have a good heat transfer capacity. The unloading cycle must
be completed in 30 minutes. Therefore, high conductivity is highly
recommended to avoid an oversized and underused TES.

It must have an extended lifetime. The TES will be subject to constant
cycling within the fusion power plant lifetime.

Safety and stability. The TES is framed in a nuclear facility. There-
fore, the used material must be chemically stable and present low safety
risks. The storage material must be able to withstand radiation, as it is
expected to get to the TES through the reactor coolant.

Tritium recovery. Some tritium from the breeding blanket will
inevitably reach the TES system. The storage material must not interact
with it, and it must be easy to separate from the tritium for its recovery.

The first point is easily achievable for all studied technologies, as
shown in Table 3, but the significant temperature difference of the
thermal sources indicates the utilisation of two TES systems [48]. The
best option in terms of heat transfer capacity is based on SHS materials.
The TCES heat conductivity is not shown as it heavily depends on the
kinetics of the thermo-chemical reaction and the state of the products.
To date, the safety design concerns suggest the utilisation of well-known

Table 3
Comparison of the main parameters of the available TES technologies [22,
45-47]

Storage capacity Heat conductivity Temperature Cost

[kWht/m®] [W/mK] [°Cl [$/kWht]
SHS 52 - 160 01-7 300 - 700 1-7
PCM 43 -297 0.5-2 110 - 900 1-5
TCES 720 -1220 n.a. 200 - 2300 12-50
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and mature technologies, and currently, this is an advantage of SHS and
PCM over TCES. However, relevant advances have been achieved in the
last years in TCES, with advantages regarding the required storage
volume. The stability under radiation and the need for tritium recovery
require further analysis.

Using molten salts would suppose an isothermal heat exchange
process and less volume, but significant advances must be made to reach
the technical maturity level expected for this task. Two different molten
salts with different melting temperatures can be used: one for the high-
temperature source (BNK) and another for the low-temperature sources
(DIV and SHD). On the other hand, solar salt is an SHS well-known
material commonly used for concentrated solar power plants with a
maximum working temperature of 621°C [21]. Solar salts can be used
for the BNK, while water could be used for DIV and SHD, as using the
same material for heat transfer and storage ensures the best possible
coupling. Table 4 shows a comparison between both options, molten
salts (PCM) and solar salt and water (SHS). A 200 K difference between
the cold and hot tanks is considered [49]. The cost of molten salts takes
into account the existence of two different temperature heat sources
[43]. The SHS option is significantly cheaper, but PCM technologies are
still under development, so there is still room for lower costs for this
option.

4. Methodology. Integration with power cycles

For the analysis of the integration of different power cycles config-
urations with the fusion reactor, a framework integrating the system
code PROCESS [28,29] for reactor evaluation and the numerical solver
EES [30] for power block performance was defined. It allows the
assessment of the thermodynamic and economic performance of the
proposed integrations.

PROCESS is a system code developed by the Culham Centre for
Fusion Energy (CCFE) to model a fusion power plant. This code com-
prises a set of physics and engineering modules that solve optimisation
problems for the complete fusion power plant. The framework devel-
oped here uses the boundary conditions and the power availability ob-
tained with the PROCESS code to evaluate the power cycle in EES. The
results from these power cycle simulations are used as inputs in the
PROCESS code to assess the total plant costs. From these, the LCOE is
calculated.

The data obtained from the DEMO Baseline 2018 is used to simulate
a set of S-CO; Brayton cycles with different configurations to identify
their fit to the available heat sources. A total of fourteen layouts, twelve
for DEMO1 and two for DEMOZ2, are studied. Recuperators are used to
take advantage of the high temperature at the turbine outlet. The
pressure drop in heat exchangers has been set to 0.4 bar and the mini-
mum temperature difference to 4.5°C for the Low-Temperature Recu-
perator (LTR), 4°C for the High-Temperature Recuperator (HTR) and 4°C
for single recuperator cases. During reactor operation (DEMO1 pulse
time and DEMO2 complete operation), the efficiency at rated conditions
has been fixed at 88% for compressors and 93% for the turbine. These
efficiencies drop at partial loads to 85% and 91% respectively during
dwell time for DEMO1 [50,51]. The generator efficiency is fixed at 97%
[17].

A review of structural materials compatible with a fusion reactor has

Table 4
Economic assessment for a molten salt and a combined solar salt and water TES
systems [22,43,49]

Molten salts (PCM) Solar salt and water (SHS)

Cost [$/kWh] 24.58 Cost solar salt [$/kWh] 20

Energy [MWh] 1058 Energy BNK [MWh] 901.6
Cost water [$/kWh] 0.0113
Energy DIV+SHD [MWh] 156.4

TOTAL 26.00 M$ TOTAL 18.03 M$
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been performed to determine the maximum operating temperature for
designs beyond the reference DEMO1 baseline. Structural materials in
fusion reactors are affected by neutron irradiation and high fluxes of
heat and particles that may damage them. The neutron flux produces
hundreds of dpa (displacements per atom) in the structural materials
[52]. Materials in fusion environments are also affected by significant
levels of transmutant H/He that can embrittle the structure. Low acti-
vation materials must be pursued to reduce the radiation damage and to
mitigate the disposal issues after the lifetime of the reactor [53].

Zinkle et al. [54], studies the upper operating temperature of a series
of candidates. Being some of the most remarkable ones the
reduced-activation ferritic/martensitic steels (RAFM), that can with-
stand up to 550°C and forms the current choice for the DEMO Baseline
2018; the Oxide Dispersion Steel (ODS) [55], ~750°C of maximum
operating temperature and the SiC/SiC composites [56], that can ach-
ieve up to 1000°C. This brief review can conclude that a higher tem-
perature can be achieved in a more optimistic/advanced DEMO scenario
where new structural materials are developed up to the industry
standards.

The recuperator in S-COs cycles can present challenges regarding its
thermal integration. These challenges are linked to the feasible mini-
mum temperature difference between streams (pinch point) that, due to
carbon dioxide behaviour, can occur inside the heat exchanger [7]. The
low-pressure side of this recuperator can come close enough to the
critical point that its properties vary significantly with respect to the
high-pressure side. As shown in Fig. 2, the variation of heat capacity (C)
leads to the minimum temperature difference being inside the recu-
perator and not at its inlet or outlet, as commonly expected. This is
typically solved by ensuring enough temperature difference at the heat
exchanger inlets. The minimum temperature difference (TD) in the heat
exchanger is found at the point where the heat capacity is equal on both
sides (Fig. 2). Despite this, a heat exchanger working with S-CO close to
the critical point can still be balanced by reducing the mass flow of the
hot stream. This is achieved by bypassing a fraction of the hot stream
mass flow to the low-temperature recuperator. In recuperators with
higher temperatures, as the ¢, does behave normally, the total mass flow
can be introduced at both sides. In this work, the bypass fraction is used
as an optimisation variable to obtain the maximum power block system
efficiency, while always ensuring that the cold stream temperature
never surpasses the hot stream inside the heat exchanger. Table 6 shows
the mass fraction («) for the different layouts, for most cases it is found to
be ~0.3. Linares et al. [57] is in agreement with this « value in a study of
a different S-COy power block system for a DEMO-like reactor. It is
important to note that different layouts will have different optimisation
points for this variable and they should be address individually.

3.5 . . . . - - r r r 60
Ccold-side
3l Chot-side 50
—TD

TD[°C]

0 10 20 30 40 50 60 70 80 90 100

%Q

Fig. 2. Representation of the pinch-point evolution in a S-CO; heat exchanger.
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The EES numerical solver software was used for modelling the power
cycle, the layout designs and optimisation [9]. Carbon dioxide proper-
ties were evaluated from the equation of state proposed by Span and
Wagner [58], valid up to 1100 K and 800 MPa. All simulations were
below these limits.

Fig. 3 shows the integration framework developed in this work be-
tween the PROCESS code and EES to assess the thermal and economic
parameters of the cycle layouts. First, the DEMO Baseline 2018 is ob-
tained from the PROCESS code. The cycle layouts are modelled in the
EES software, taking into account the heat sources parameters and
reactor and auxiliary consumptions from the DEMO Baseline 2018. The
net electric efficiency of the complete fusion power plant (Nelec,plant) iS
optimised for these layouts. The optimisation variables will be the inlet
parameters (temperature and pressure) for the compressor and turbine
and the mass fraction flowing through the secondary compressor (o).
The resulting plant efficiency and net electricity production (Wi) are
then introduced in the PROCESS code together with the economic pa-
rameters from the DEMO Baseline 2018 to carry out an economic
assessment of the cycle. The total cost of the fusion power plant is ob-
tained from this economic assessment and the LCOE of the different
layouts is calculated.

One of the most notable differences between DEMO1 and DEMO2
regarding cycle integration is the operation mode: pulsed in DEMO1 and
steady-state in DEMO2. Therefore, the integration has been divided into
two subsections, one for each scenario.

4.1. Pulsed layouts

The pulsed layouts are modelled based on the DEMO1 design. A
pulsed reactor is the most plausible and conservative option for a future
DEMO-like fusion power plant, as it requires the least physics and en-
gineering advancements from the current tokamak designs [41]. A
thermal energy storage system must be included to avoid cycle fatigue
on the power conversion system components that could severely
decrease its expected life. The TES system will load up during the pulse
time and release the stored thermal energy during the dwell time. It has
been modelled as a black box where energy fed is stored during the pulse
time to give it back to the cycle during the dwell time. A
thermal-to-thermal efficiency (n1gs) of 95% has been chosen to account
for the heat losses as a percentage of the stored energy [59]. The TES
system integration in the layout is shown in Fig. 4. The electric efficiency
of a DEMO1-like power conversion system (npes) has been defined in
terms of its energy production over a complete operation cycle, as shown
in equation 1.

_ Wzlec _ Wpulse * tpul:z + derll * Lawell + Wramp *2 % tmmp 1
Hpes = = (€8]

QDEMO QDEMO

Here, W is the net electric energy produced in a complete DEMO1
cycle (defined as toyae = tpuse + tawet + 2 * tramp). QpEMO iS the energy
delivered by DEMO1 during a cycle. Wpulse, Wawen and Wmmp correspond
to the power produced during the pulse time (tpuse), dwell time (tawen)
and ramp time (tramp). For the ramp time, the generated power is sup-
posed to be the average between the pulse and dwell power.

The thermal power received by the TES system and by the cycle
varies during the pulse and dwell time. Eqgs. (2)-(4) show the thermal
power distribution during the different periods:
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where x = BNK, DIV or SHD. Q, is the heat power provided for the
aforementioned heat sources during the pulse time, this is divided be-

- TES, pul ) - besoul
tween the TES (Q, *""") and the power conversion system (Q°"""").

The stored energy (Q'E%) is fed into the power conversion system
- TES—pcs

«Q ) during the dwell and ramp times.

The DEMO heat sources in the pulsed state present several temper-
ature limitations. The DIV and SHD, are water-cooled with a maximum
temperature of 150°C. BNK uses the ferritic/martensitic steel EURO-
FER97 as a structural material, stable under neutron bombardment, but
with a maximum temperature of 500°C. In order to study the optimal
integration of the heat sources and the impact of the positioning of the
cycle elements on the cycle performance, three variations are proposed
for the low-pressure side of the cycle and another three for the high-
pressure side, adding up to a total of nine combinations. Three more
variants are presented based on more advanced versions of DEMO1. All
of them follow the schematic shown in Fig. 4.

The low-pressure side variations are related to the positioning of the
HTR, LTR, and secondary compressor. They are: HLC (HTR-LTR-sec-
ondary compressor), HCL (HTR-secondary compressor-LTR) and NC (No
secondary compressor). In HLC layouts, the LTR presents a higher mass
flow in the low-pressure side as part of the total mass flow will bypass it
in the high-pressure side. This configuration means that the temperature
evolution in the LTR can be modified directly by the mass fraction
flowing through the secondary compressor (o). The HCL layout features
a mass-balanced LTR. The NC layouts suppress the secondary
compressor to determine whether the extra consumption of the
compressor is worth it in terms of the overall electric efficiency.

High-pressure variations rely on the relative position of the shield,
divertor and LTR. The high-pressure variations aim to discern the best
positioning for the heat sources due to their temperature constraints.
The naming convention used is DSL (divertor-shield-LTR), LDS (LTR-
divertor-shield) and NDS (no divertor and shield). The DSL layout places
the low-temperature heat sources first to avoid losing part of their power
due to exceeding the temperature limit. This issue could arise in the LDS
case, where the LTR is at the main compressor outlet and its high-
pressure side outlet is constrained by the temperature limit of the DIV



J. Hidalgo-Salaverri et al.

and SHD. As an advantage of the LDS layout, the LTR can go to a lower
temperature at its low-pressure outlet. It means that less power is
dissipated in the cooler. The NDS layouts do not include the DIV and
SHD to operate at higher temperatures, avoiding the operational
constraint linked to their temperature thresholds. It disregards the usage
of the heat available in these components.

Layouts HCL.LDS-HT1, 2 and 3 are upgraded versions of layout HLC.
LDS. They follow the same scheme, but a DEMO1-like reactor with
technical advancements is assumed to account for potential future
structural materials and engineering developments. In Section 4, the
upper-temperature limit set by the current under-research structural
material was discussed. A SiC/SiC structure is expected to withstand
temperatures up to ~1000°C under reactor-like radiation [54], but
further research is necessary to become a mature material integrated
under the operational conditions. Type HLC.LDS-HT layouts feature a
temperature limit of 800°C set by the usage of an S-CO, cycle. At this
800°C limit, S-CO; cycles are in the range known for showing clear
advantages over ordinary gas turbines [9,60]. For this new advanced
scenario, the maximum achievable temperature in the BNK has been set
at 800°C. The DIV and SHD are now helium-cooled, so they will also get
to 800°C. To operate at higher temperatures an ordinary Brayton cycle is
recommended, which is not in the scope of this paper. The influence of
varying the maximum cycle temperature for all layouts is studied in
section 5. The three HLC.LDS-HT layouts present the same limits in
terms of temperatures and pressures, but different dwell and pulse times
are set for each case to study the influence of these parameters on the
efficiency of the system. Layout HLC.LDS-HT will follow the DEMO
Baseline 2018. This is 2 hours long pulses with 30 minutes of dwell time;
on the other hand, HLC.LDS-HT1/HLC.LDS-HT2 feature 4/6 hours pul-
ses and 20/10 minutes dwell time.

HLC.LDS-HT1 is intended as a more optimistic scenario from the
technological point of view, with advances in materials and/or systems
integration. However, it is still conservative in the physics assumptions
(i.e., the operation of a DEMO2-reactor is still not achievable, and the
reactor operates in pulses). HLC.LDS-HT2 and 3 increase the pulse
duration in order to study the repercussion of pushing this limit. The
work presented in this paper is based on the DEMO Baseline 2018, the
latest official version. Note that these HLC.LDS-HT DEMO designs are
intended as bridge scenarios between the realistic pulsed DEMO1 and
the optimistic steady-state DEMO2. Other combinations of parameters
(i.e., advancements in the physics understanding, but not in the tech-
nical aspects) could find their place in this intermediate scenario.

The twelve resulting combinations are summarised in Table 7. A
single recuperator will be used for cases where LTR and HTR would be
directly connected in both the hot and cold sides (layouts NC.DSL and
NC.NDS).

Changing the LTR positioning at the low-pressure side implies that
the mass flows on both sides of the recuperator can be equal (HCL and
NC scenarios) or with a lower mass flow in the cold side of the heat
exchanger (HLC scenario). In the HLC scenario, o will directly affect the
outlet temperature of the cold side of the LTR. The NC layouts explore
whether adding an extra component to the cycle, with its corresponding
power consumption, is profitable or not.

The combinations related to the high-pressure side study the impact
of the maximum temperature, 150°C, set at the divertor and shield by
the DEMO Baseline 2018. DSL avoids this constrain by heating the mass
flow at its coldest high-pressure point, where the provided power by
both heat sources is not large enough to heat the mass flow over 150°C.
LDS checks the importance of this restriction, as it directly limits the
heat exchanged in the LTR to not overcome the temperature limit. NDS
directly excludes these heat sources from the layout.

4.2. Steady-state layouts

The steady-state layouts will be based on a DEMO2-like fusion
reactor. In this scenario, the plasma pulses are assumed to be
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continuous. The boundary conditions imposed for these layouts have
been relaxed as DEMO2 requires relevant technical improvements. The
temperature limits are the same as in layout HLC.LDS-HT (section 4.1).
DIV and SHD will be helium-cooled, letting the outlet temperature
overcome the 150°C barrier imposed by the previous water-cooled sys-
tem. Upgrades on the structural materials can also be expected in the
following decades. Therefore, the temperature limit imposed by the
EUROFER97 is removed, and the maximum achievable temperature is
set from 500°C to 800°C. The S-CO, Brayton cycle may not be the
optimal choice for higher temperatures, and other gas turbine technol-
ogies can have better performance and fewer integration challenges
depending on the temperature range. The rest of the parameters have
been taken from the DEMO Baseline 2018 and correspond to the pulsed
state simulations.

Two steady-state layouts have been modelled based on the HLC.LDS
layout (Fig. 5), the most efficient cycle between those studied for
DEMOL1. A summary of the main parameters of the layouts is shown in
Table 6 and Table 7. The prefix “SS” is added to indicate the layout is in
steady-state. SS-HLC.LDS (Fig. 6 a)) is a direct copy of HLC.LDS but with
no TES and the softer constraints expected for DEMO2. SS-HLC.LDS-2T
(Fig. 6 b)) features a second turbine with an intermediate reheater. The
BNK power will be split between two heat exchangers to heat the fluid
right before passing through each turbine.

4.3. Parameter range for the proposed layouts

Table 5 represents the studied range of the optimisation variables
used in the optimisation process in EES. There are three types of reactor
models to study: DEMO1, a pulsed reactor; DEMO1-HLC.LDS-HT, a
pulsed reactor with more technical advancements and DEMO2, a steady-
state reactor. The inlet temperature to the compressor is not included as
it has been introduced as a function of the inlet pressure. For an inlet
pressure greater than 80 bar, the inlet temperature will be 30°C. This
temperature will linearly increase to 36°C at 75 bar to leave a safety
margin of 5°C with the carbon dioxide critical point. This will penalise
the cycle efficiency but will ensure not passing the critical point. a has
been limited to 35% of the total mass flow as for higher values the cycle
efficiency decreases rapidly, as shown in section 5. The turbine inlet
pressure has been capped at 280 bar to comply with the S-CO, tech-
nology standard [17]. As stated in section 2, the turbine inlet tempera-
ture limit is set by the usage of EUROFER97 and the thermal losses
associated with the primary coolant system.

5. Results
5.1. Comparison of the different layouts

A sensitivity analysis has been carried out to determine which pa-
rameters are the most significant for the cycle. The figure of merit is the
electric efficiency of the power cycle. The studied parameters are the
inlet temperature and pressure at the turbine, the inlet pressure at the
compressor and the mass fraction flowing through the secondary
compressor (for cases different to the NC layouts).

Table 6 presents the optimised cycle parameters given by the opti-
misation process followed through this section. These values result in
the efficiency and electric production shown in Table 7. Two versions of
the SS-HLC.LDS-2T cycle with different maximum temperatures are
included: an 800°C turbine inlet temperature cycle (optimum tempera-
ture) and a 500°C turbine inlet temperature cycle. This lower tempera-
ture version is intended as a bridge scenario where physics advances
would allow the usage of a steady-state fusion reactor, but structural
materials cannot surpass the 500°C barrier.

The LDS combinations are the optimal layouts for every low-pressure
variation, as shown in Table 7. The temperature limitation set by the DIV
and SHD did not penalise the overall efficiency as much as it could be
expected. The extra power added to the system by the DIV and SHD
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Table 5
Parameter range of the optimisation variables.

Parameter DEMO1 DEMO1-HLC.LDS-HT and DEMO2
Teurbine [°C] 350 - 500 500 - 800
Pturbine [bar] 200 - 280 200 - 280
Pcompressor [bar] 75 -85 75-85

a [-] 0-0.35 0-0.35

surpass the efficiency penalty induced by the temperature limit (that
also produces a limit on the a). The NDS layouts have a lower electric
efficiency than their counterpart. The basis of this design, to avoid the
temperature limitation imposed by DIV and SHD, does not compensate
for the heat not used from these components (391 MWt).

The LDS type layouts show better results than their equivalent DSL,
thanks to the capability of the LTR of working at lower temperatures. In
the DSL layouts, the high-pressure stream is first heat up by the divertor
and shield before entering the LTR and, therefore, the hot stream will
not be as cooled as in the LDS cycles. Thus, more energy will be used in
the LDS than in the DSL cases and the efficiency of the former will be
improved.

A series of simulations have been carried out without the TES system
to study its impact. The analysed systems are the HLC.LDS, HCL.LDS and
NC.LDS showing efficiencies on the power block system of 42.97, 42.11
and 41.62%, respectively. This is approximately a 4% increase from the
TES scenario. The period where the TES feeds the cycle is not at rated
conditions penalising the overall efficiency. The TES protects the sec-
ondary loop from thermo-mechanical cycling at the cost of power pro-
duction. Future work must be carried out to determine the effect on the
turbomachinery of not including TES.

In Table 7, m is the mass flow through the turbine; Wi | is the net
electric output of the power plant, nps is the power block system effi-
ciency (Eq. 1) and nejec,plant is the power plant electric efficiency (Eq. 5)
[57]:

et
We[ec - W;mwer needs * tpu/.xe _ W;[g{; (5)

QDEMO

”elec.p[un[ =
QDEMO

where Wpower needs are the electric power consumptions shown in
Table 2.

Steady-state simulations show a significant increase in the electric
efficiency of around 20% due to the constant operation and less
restrictive temperature conditions. As already stated, SS-HLC.LDS is a
direct conversion of the HLC.LDS layout into the steady-state version as
this layout achieved the best results of the pulsed layouts in terms of
efficiencies. The second turbine added in SS-HLC.LDS-2T contributes to
a 1.4% improvement in the electric efficiency of the cycle and additional

Table 6
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power of 35.7 MWe.

Fig. 7 shows the turbine inlet temperature dependence of the LDS
layouts. These will be the represented layouts at the sensitivity analysis
as they are the most promising in terms of efficiency. Fig. 7 a) also shows
the temperature dependence of the heat recovered fraction (HRF). The
HREF is the fraction of the turbine outlet power that is reintroduced in the
cycle in HTR and LTR (Eq. 6). Here, Qrrr, Qurr and Qcooler are the
thermal power exchanged in the LTR, HTR and cooler, respectively. The
HREF is a metric of the efficiency of the heat recovery at the low-pressure
side. The denominator is the heat power available in the low-pressure
side and the numerator, the heat recovered in both recuperators. For
the layout SS-HLC.LDS-2T (Fig. 7), the inlet temperature of both tur-
bines is the same as it returns the highest efficiency. This figure shows a
strong dependence of the efficiency on the temperature, but this de-
pendency slowly decreases as the temperature increases.

Heat recovered fraction (HRF) = M 6)

 Ouk + Qurr + Qcooer
S-CO; cycles take advantage of the high temperature at the turbine
outlet to boost its efficiency through recuperators. However, this re-
quires a high temperature at the turbine inlet (as shown in Fig. 7). If this
cannot be achieved, a high pressure must be imposed at the turbine inlet

Table 7

Main parameters of the analysed layouts. Here, m is the mass flow in the cycle.
Welec is the net power obtained in the power plant. 1, is the electric efficiency
of the power block system. Nelec,plant is the electric efficiency of the power plant.
A low temperature version of SS-HLC.LDS-2T is included as a bridge scenario
with DEMO1-like structural materials.

Layout m[kg/ Wit [MWel  Tpbs Nelec,plant
s] [-] [-]
HLC.DSL 7372 350.2 0.374  0.188
HLC.LDS 6756 370.6 0.384  0.199
HLC.NDS 6994 295.6 0.344  0.158
HCL.DSL 5675 287.9 0.340  0.154
HCL.LDS 6899 355.8 0.377  0.191
HCL.NDS 6602 270.1 0.331  0.145
Pulsed NC.DSL 5675 287.9 0.340  0.154
NC.LDS 6356 348.8 0.373  0.187
NC.NDS 5338 197.9 0.202  0.106
HLC.LDS-HT1 6216 652.6 0536  0.350
HLC.LDS-HT2 7548 807.2 0542  0.356
HLC.LDS-HT3 8129 876.3 0.545  0.359
Steady- SS-HLC.LDS 8553 958.6 0.548  0.362
state SS-HLC.LDS-2T 8248 994.3 0562  0.376
(800°C)
SS-HLC.LDS-2T 10525  698.4 0.450  0.264
(500°C)

Optimised cycle parameters for all studied layouts. Layout SS-HLC.LDS-2T present the values for both turbines. The primary coolant temperatures have been taken
from the DEMO Baseline 2018. Subindexes refer to Fig. 5. A low-temperature version of SS-HLC.LDS-2T is included as a bridge scenario with DEMO1-like structural

materials.

Layout Ta [°C] pa [bar] pg [bar] Tc [°C] pc [bar] pp [bar] Tg [°C] al-]
HLC.DSL 500 280 80.78 30.5 79.9 282.0 329.2 0.32
HLC.LDS 500 280 86.2 30.0 85.0 282.0 314.0 0.08
HLC.NDS 500 280 86.2 30.0 85.0 281.2 320.2 0.31
HCL.DSL 500 280 78.4 32.8 77.6 281.6 279.8 0.00
HCL.LDS 500 280 86.2 30.0 85.0 282.0 317.8 0.09
HCL.NDS 500 280 86.2 30.0 85.0 281.2 309.5 0.20
NC.DSL 500 280 78.4 32.8 77.6 281.6 279.8 -

NC.LDS 500 280 86.2 30.0 85.0 282.0 302.6 -

NC.NDS 500 280 78.4 32.8 77.6 280.8 266.5 -

HLC.LDS-HT1 800 280 86.2 30.0 85.0 282.0 600.3 0.27
HLC.LDS-HT2 800 280 86.2 30.0 85.0 282.0 600.3 0.27
HLC.LDS-HT3 800 280 86.2 30.0 85.0 282.0 600.3 0.27
SS-HLC.LDS 800 280 80.9 30.4 79.7 282.0 594.4 0.28
SS-HLC.LDS-2T 800/800 280/148.5 148.9/80.4 31.0 79.2 282.0 682.0/704.4 0.28
SS-HLC.LDS-2T 500/500 280/148.5 148.9/80.4 31.0 79.2 282.0 404.4/422.3 0.28
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Fig. 7. a) Turbine inlet temperature sensitivity analysis for pulsed layouts of type LDS (solid line) and its HRF (dashed lines). b) Turbine inlet temperature sensitivity
analysis for steady-state layouts (solid lines) and its turbine specific work (dashed lines).

to increase the outlet temperature with the corresponding extra power
consumption. Therefore, a high turbine inlet temperature is mandatory
in an S-CO; fusion power plant to exploit the heat recovery potential of
the cycle and should be pursued through the search of high-temperature-
resistant structural materials compatible with a fusion reactor operation.

Fig. 8 a) shows the efficiency and the HRF as a function of the turbine
inlet pressure. The pressure curve follows a very similar evolution be-
tween all studied layouts. Therefore, it can be concluded that, for the
given cycles, the effect of the turbine inlet pressure is independent of the
chosen layout, and the maximum pressure compatible with the chosen
materials and components should be pursued. However, the benefits of
increasing the pressure decrease at high pressures. The equipment cost
will have an important role to determine the maximum pressure of the
cycle.

The influence of a on the efficiency and the power consumption of
the compressors is represented in Fig. 8 b). The two steady-state layouts
increase their efficiency with «, slower in the LHC.LDS case. However,
this trend is abruptly ended by the DIV and SHD temperature limitation;
as for larger a, the 150°C temperature threshold is exceeded. The steady-
state cases do not have this limitation and, therefore, can work in a

broader range of a. The maximum efficiency occurs around 0.25-0.3,
similar to those obtained in other cycles with a secondary compression
[17]. If this restriction is removed the pulsed state layouts are expected
to follow the same profile due to changing the coolant used for DIV and
SHD. The dotted line represents the evolution of layouts HLC.LDS and
HCL.LDS if the DIV and SHD temperature restriction did not exist. The
Layout HLC.LDS presents a maximum at « around 0.27 as in the other
cases. The efficiency of the layout HCL.LDS remains rather constant until
o ~ 0.18, where it starts to decrease.

The type HLC.LDS-HT layouts are designed as bridge scenarios be-
tween DEMO1 and DEMO2. The analysis shows the importance of
improving the cycle conditions that are related to the development of
materials — the increase of the working temperature for the same cycle
(HLC.LDS-HT1) used in HLC.LDS results in an increment in the effi-
ciency of the plant of 15%. This increase comes from the more sub-
stantial enthalpy drop available in the turbine and a higher turbine
outlet temperature to be used in the recovery subsystem. In these
advanced pulsed layouts, the turbine inlet temperature is 800°C and the
mass fraction flowing through the secondary compressor is ~0.3, a
parameter limited by the DIV and SHD temperature in the HLC.LDS
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Fig. 8. a) Electric cycle efficiency (solid lines) and HRF (dashed lines) as a function of the turbine inlet pressure. b) Electric efficiency (solid lines) and compressors
consumption (dashed lines) as a function of the mass fraction flowing through the secondary compressor. Dotted and dotted-dashed lines represent o values that

surpass the temperature limit in DIV and SHD.
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layout. HLC.LDS-HT2 and 3 show that increasing the pulse time and
decreasing the dwell time can mean improving the overall efficiency of
the power block system by up to ~1%. When comparing with the low-
temperature DEMO1 scenarios, increasing the maximum temperature
translates into better improvements than decreasing the dwell time.

5.2. Costs evaluation

This section compares the total cost and the Levelized Cost Of Elec-
tricity (LCOE) of the most efficient layouts (LDS and advanced pulsed
scenarios and both steady-state cycles). The total costs include all the
direct and indirect costs related to the construction of the reactor, power
cycle and all the auxiliary systems necessary for operation. The total
costs are estimated using the PROCESS code. The PROCESS code pre-
sents two cost models: the 1990 cost model [61] and the 2015 Kovari
model [62]. The 1990 cost model has been chosen to assess the capital
and indirect costs of the fusion power plant, as the 2015 Kovari model
estimates only the capital costs of the plant. Due to their relatively short
lifetimes, the blanket, the first wall, the divertor and a fraction of the
current drive system are considered as fuel costs. These costs are related
to an international first-of-a-kind fusion power plant, so it is expected
that they will decrease in the successive generations of reactors, through
the learning curve of technology. The PROCESS code is based on the
Generomak scheme [63] and other system codes, such as the TETRA
code [64]. Costs given by this code are estimated in 1990 US dollars,
therefore, they have been translated to 2020 US dollars using a con-
version factor of 1.98 [65].

The PROCESS code enables the usage of a Rankine cycle or an S-CO,
Brayton cycle as the power cycle. If the inlet turbine temperature is
provided as an input, the efficiency of the cycle is estimated following
the correlation given by Dostal [66]. This efficiency is used to calculate
the electric output of the system. In this case, as these values have
already been calculated, the efficiency and the nominal electric output
of the power plant are the given inputs.

The LCOE has been calculated from the costs provided by the PRO-
CESS code and using the approach introduced in [67]:

CC « CRF + % VC, * CELF,
P,

LCOE = @

Where CC is the total capital cost; CRF, the Capital Recovery Factor;
VCy and CELFy, the variable cost and the Constant Escalation Leveliza-
tion Factor for a certain item x and Pe, the energy produced during a
year.

The CRF is calculated as a function of the discount rate (i) and the
expected lifetime of the fusion power plant (n):

ix(1+41iQ)"

RF = ————1——
CRE =T —1

®
The CELF takes into account the evolution of prices and costs during
the lifetime of the plant:

k(1 — k")

CELF = ——
1 -k

* CRF (C)]
K I+r 1+r,

T iy 61

(10)

Where r,, is the nominal escalation rate and ieff, the effective discount
rate. ry can be calculated from the real escalation rate (r;) and from the
inflation (rj) as:

(I+r)=04r)«(1+r) (11

Table 8 contains the parameters used in the calculation of the LCOE
(Table 9). The power plant lifetime, availability factor and discount rate
have been obtained from the DEMO Baseline 2018. The real scaling rate
of the auxiliary heating has been estimated through the cost increase of
electricity in the European Union (EU27) in the 2016-2020 period using
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Table 8
DEMO Baseline 2018 economic parameters [65,68].
Discount rate (i) 0.065 Inflation rate (r;) 0.0113
Real scalation rate aux. heating (r;, -0.0022 Life of the 40
heating) project years
Real scalation rate others (rj others) 0.0 Availability 75 %
factor

Table 9
Results of the economic assessment.

LCOE [$/MWh] TOTAL COST [M$]

HLC.LDS 219.71 7419.70
HCL.LDS 227.48 7414.68
NC.LDS 231.49 7420.33
HLC.LDS-HT1 135.08 7336.30
HLC.LDS-HT2 120.62 7961.33
HLC.LDS-HT3 115.68 8244.83
SS-HLC.LDS 104.60 8269.93
SS-HLC.LDS-2T (800°C) 101.63 8277.36

Eurostat data [68]. For the rest of the variable costs, a real scalation rate
of 0 has been chosen. This is a conservative approach as most of them are
expected to get cheaper as the technic and know-how increase. The
inflation rate has been obtained from Eurostat data from the EU27 in the
2015-2020 period [68].

Table 9 shows how the best way to decrease the LCOE is to improve
the efficiency of the fusion power plant. Specially by increasing the
maximum temperature of the system, the first three layouts of the table
(HLC.LDS, HCL.LDS and NC.LDS) have a maximum operating temper-
ature of 500°C while the rest can get up to 800°C. This temperature in-
crease means a strong reduction in the LCOE of around 100$/MWh.
Layouts HLC.LDS-HT1, HLC.LDS-HT2 and HLC.LDS-HT3 show the
transition from a pulsed reaction to a steady-state system with
decreasing dwell times and increasing pulse times; this shows the impact
of more constant production and higher maximum temperature in the
final price of the energy. Finally, the advanced steady-state layouts cut
the LCOE by a third with respect to the low-temperature pulsed sce-
narios. Adding a second turbine to the system affects the LCOE by
reducing it in ~3$/MWh.

The LCOE for the conservative cases that follow the DEMO Baseline
2018 show energy prices not unreasonably above the current trends of
around 200$/MWh. It is reasonable to expect a significant drop in the
prices as generations and expertise are built. In comparison, photovol-
taic solar power cost was 350$/MWh in 2010; meanwhile, in 2016, the
average prices dropped to ~140$/MWh [69]. With the increase of
temperature (high-temperature layouts), the LCOE falls to the current
electricity prices. These numbers are acceptable in the current energy
market, especially after subsidies, as proposed in a similar study [70]. It
is essential to highlight that the main goal of DEMO is not to achieve
competitive energy prices but to be the first fusion reactor demon-
strating the capabilities of a fusion power plant with net electricity
production. Next generations of fusion power plants after DEMO will be
built over the lessons learnt from ITER and DEMO with reduced cost as
its main objective.

6. Conclusions

A framework has been developed to integrate the PROCESS code and
the numerical solver EES to study the thermal and economic aspects of
integrating different supercritical carbon dioxide cycle layouts with a
fusion power plant. Fourteen layouts have been proposed and grouped
into a more conservative (DEMO1, pulsed operation) and more
advanced (DEMO?2, steady-state operation) fusion reactors. The PRO-
CESS code has been used to obtain the DEMO Baseline 2018, which
defines the available power from each heat source and its boundary
conditions.
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A thermal storage system (TES) has been added to the twelve DEMO1
layouts to avoid standby times that would negatively affect the cycle.
The sensitivity analysis of these layouts shows the importance of using
the divertor (DIV) and shield (SHD) heat sources despite the constrain of
the 150°C temperature limit set by the cooling water. The optimum
position for these two heat sources has been determined to be just after
the low-temperature recuperator (LTR) at the high-pressure side, as it
allows the recuperator to achieve a lower temperature at the low-
pressure side. This analysis has also confirmed the efficiency increase
of using a secondary compression after the LTR for the studied cases. The
layout HLC.LDS, with a secondary compressor and a recuperator at the
compressor outlet, is the most promising pulsed option with a 38% cycle
efficiency. Comparing the electric efficiency results for the DEMO1
simulations with previous work shows good agreement with the ob-
tained values, with efficiencies around 30-35%. The steady-state options
achieve higher efficiencies (~55%), but are conditioned to the
advancement of technology and plasma physics by the time of its con-
struction. The study of intermediate scenarios between conservative
DEMO Baseline 2018 and DEMO2 show that the maximum temperature
of the power conversion system is the most relevant parameter. Rising
the temperature from 500°C to 800°C increase the efficiency by more
than 10%.

A significant part of the produced power is internally consumed by
the reactor and the auxiliaries, meaning a 20% reduction of the plant
efficiency. Reducing these consumptions will directly affect the viability
of the plant and should be studied in future work. Additional reactor
consumption may be necessary to sustain the steady-state scenario,
which will affect the net power output. The temperature constraints on
the divertor and shield coolant for DEMO1 also limit the cycle efficiency.
Using helium or another cooling method instead of water will positively
impact the cycle mean temperature, but it could increase the primary
loop consumption. This possibility should be investigated to determine if
the net change in plant efficiency is positive.

A TES system is an essential addition to a pulsed reactor (DEMO1) as
it protects the machinery but at the cost of decreasing the fusion power
plant efficiency. A phase-change material (PCM) system (molten salts)
and a sensible heat storage one (solar salt plus water), have been pro-
posed as possible candidates. However, further research needs to be
carried out before PCM technologies get to the expected maturity level.
For an S-CO3 Brayton cycle, simulations of the effect of no TES system
should be done to assess the fundamental importance of adding energy
storage. Tritium recovery for the TES candidates should also be studied.

The PROCESS code has been used to assess the cost of the optimal
layouts and their Levelized Cost of Electricity has been calculated. The
economic analysis of DEMO1 type LDS layouts shows that this reactor is
not economically competitive with the currently available energy pro-
ducers. However, LCOE from high-temperature versions of DEMO1 can
be below the range of current energy prices and, with the introduction of
subsidies and support policies, could evolve positively in the energy
market. DEMO2 scenarios show a significant decrease in its LCOE in
comparison with today’s electricity prices.
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