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HIGHLIGHTS

® A GateCycle model of the Power Conversion System for pulsed DEMO is presented.

® Operations at the nominal burn conditions and during the dwell period are studied.
® Possibility of safe reduction of the thermal power down to 50% is demonstrated.

® The obtained results can be utilized while sizing the DEMO Energy Storage System.
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Conceptual activities on the DEMO fusion power plant design are progressing in Europe under the lead of
the EUROfusion Consortium. According to the current EU DEMO plant design, the Primary Heat Transfer
System (PHTS) transfers heat from the nuclear heat sources, i.e. breeding blanket, divertor and (optionally)
vacuum vessel, to the Power Conversion System (PCS) responsible for generating electric energy. To
mitigate issues related to the pulsed DEMO operation, adding the Energy Storage System (ESS) filled
with molten salt, between the PHTS and PCS, has been proposed. One of the four candidate options for
the realization of the blanket and the related PHTS is the Water-Cooled Lithium-Lead Breeding Blanket
(WCLL). In the present work a detailed GateCycle model of the DEMO PCS, for the option WCLL, with the
ESS was created and its operation at the nominal conditions (plasma burn) and at the reduced heating
power (dwell period) was studied. It was demonstrated, that during the dwell period the amount of heat
provided from the ESS to the considered cycle can be safely reduced down to 50% of its nominal value.

This is an important information for the ESS designers which should help in its proper sizing.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

ITER is planned to be the research type tokamak which will
achieve the energy breakeven point. The next step towards the
realization of fusion energy will be DEMO - the first demonstration
fusion power plant producing grid electricity at the level of a few
hundred MW. DEMO plant designers are required to maximize the
conversion efficiency of the primary and secondary plant circuits.
The Primary Heat Transfer System (PHTS) transfers heat from the
nuclear heat sources, i.e. breeding blanket, divertor and (optionally)
vacuum vessel, to the secondary circuit called Power Conversion
System (PCS) responsible for generating electric energy. One of the
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four candidate options for the realization of the blanket and the
related PHTS is the Water-Cooled Lithium-Lead Breeding Blanket
(WCLL) [1,2]. According to the current EU DEMO baseline design,
the DEMO reactor will produce thermal power in pulses lasting
about 2 h interrupted by dwell periods of about half an hour [3]. To
mitigate problems related with the pulsed operation of DEMO the
Intermediate Heat Transfer System between the PHTS and PCS has
been proposed, which includes the Energy Storage System (ESS)
filled with solar molten salt [1]. Size of the ESS will depend on the
heat demand of the PCS during the dwell phase.

The aim of the present work is to create a detailed GateCy-
cle (GC) model of the steam/water PCS cycle for the WCLL option
with the ESS and to analyze its operation at the nominal conditions
(plasma burn) and at the reduced heating power (dwell period), for
a possible reduction of the ESS dimensions.

0920-3796/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
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Fig. 1. Scheme of the considered GC model of the DEMO PCS and the values of the main streams parameters for its operation during the dwell period (Qpy = OMW,

Qp = 1065MW, i.e. 50% of the nominal value).

2. Model description
2.1. Basic assumptions

The basic concept of the considered PCS cycle was proposed in
Ref. [4]. Here we study its more refined version, which is schemat-
ically presented in Fig. 1. The proposed cycle utilizes heat provided
from the breeding blanket via the ESS and from the divertor. As a
first stage of our analysis operation at the nominal conditions is
studied, aimed at the design of the PCS components. In the sec-
ond stage, operation at the reduced thermal power is considered in
the “off design” mode, i.e. with the fixed design of the circuit com-
ponents. We assume that during the dwell phase thermal power
provided from the ESS is gradually reduced down to 50% of its
nominal value, whereas power of the divertor source immediately
drops to 0. We also assumed that at the reduced power the con-
sidered PCS is operated under sliding-pressure control, while the
turbines are modeled according to the Spencer-Cotton-Cannon off-
design efficiency method with Putman correction and modified
Stodola off-design extraction pressure method. According to Ref.
[4], the maximum temperature in the circuit was assumed to be
280°C, whereas the minimum temperature was assumed 32°C in
the nominal conditions, but was reduced down to 21.6°C at the
lowest considered thermal power.

2.2. Energy calculations

Shaft power of the i-th turbine (i=1, 2) is computed as:

Nse
Wt = ity Miinhin — E msej hsej — Mouthout | (1)
j=1

where the number of steam extractions nse =2 for the HP tur-
bine (ST1 in Fig. 1) and 1 for the LP turbine (ST2), respectively,
h is the water specific enthalpy, and the mechanical efficiency of
each turbine is assumed to be 7;,, = 0.998 [4]. The electrical power
produced by the generator (gross power) is calculated as:

Waross = Ngen(We1 + Wi2), (2)

where 1gen =0.97 is the assumed generator efficiency [4,5]. The net
electrical power of the cycle is defined as:

4

chcle = Weross — ZWpump,», (3)
i=1

where Wpymp, is the power of the i-th pump:

Wpump,— = mpump,-(houti - hini )/npumpv (4)

where 1pump =0.934 is the pump motor efficiency [6]. The rate of
heat supplied to the cycle is computed from:

Qcycle = Qg + Qo (5)

where Qg and Qpyy is the rate of heat supplied from the blanket via
the ESS (HX1 BOILER in Fig. 1) and from the divertor (HX DIVERTOR),
respectively. At the nominal operating conditions Qg = 2129MW,
whereas Qpyy = 148MW [4]. The gross and the net electrical effi-
ciency of the cycle are calculated as:

Ngross = Weross/ Qcycle~ (6a)

Neycle = chcle/Qcycle- (Gb)

It should be noted, however, that the actual net power of the
DEMO plant and the related net plant electrical efficiency will be
much lower than the respective values resulting from Eqgs. (3) and
(6Db), since in the present analysis we have not taken into account
power consumption of the DEMO auxiliary systems, e.g. those
required for heating and current drive in the plasma, cryogenic
plant, vacuum pumps, etc.

3. Results

We obtained the convergent GC model (in the “Design” mode)
for the whole considered PCS cycle at the nominal conditions. The
main operating parameters of this model are compiled in Table 1,
whereas the respective T-s diagram is shown in Fig. 2a. Then we
obtained the convergent GC models (in the “off design” mode)
for several cases with the reduced heating power, namely with
Opiy = OMW and Qg (duty of the heat exchanger HX1) consecu-
tively reduced to 80, 75, 70, 65, 60, 55 and 50% of its nominal
value. The values of the operating parameters for the latter case are
listed in Fig. 1. It can be noticed, that at the reduced heating power
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Table 1
Parameters of the selected streams at the nominal operating conditions (Qp =
2129MW, Qpyy = 148MW).

Stream m (kg/s) T(°C) p (kPa) quality, x
S0 1218 243 6405 0

S 1218 280 6400 1

S3 1122 280 6400 1

S5 96 247 3800 0.9384
S6 74 215 2100 0.8925
S4 952 180 1000 0.8528
S_19 753 180 1000 1

S20 753 261 1000 1

S21 85 114 162 0.9732
S22 668 32 4.8 0.8398
S37 753 32 4.8 0.7612
S44 753 32 4.8 0

S36 753 90 317 0

S35 933 107 600 0
S28a 933 144 600 0

S25 952 154 600 0

S_15 952 175 6 405 0

S9 952 211 6405 0

S12 1218 212 6 405 0

400
(a) Design el

s (kJ/(kg K))

Fig. 2. T-s diagram for the considered cycle (a) at the nominal operating conditions,
(b) for operation during the dwell period (Qs = 1065MW, Qpry = OMW).
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Fig. 3. Power of the considered cycle at the nominal operating conditions and at the
reduced heating power.
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Fig. 4. Electrical efficiency of the cycle at the nominal operating conditions and at
the reduced heating power.
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Fig. 5. Mass flow rate of water heated in the HX1 and water at the condenser main
exit, at the nominal conditions and at the reduced power.

temperature at the inlet of the HP turbine (stream S_3 in Fig. 1) is
the same as in the nominal operating conditions. Steam quality in
turbines at the reduced heating power slightly increases, which is
beneficial for the turbines internal efficiencies. At part load opera-
tion turbines’ power is reduced by reduction of the mass flow rate
and pressure in the HX1. Comparison of Fig. 3aand b, as well as Fig. 1
and Table 1, reveals that at the reduced power steam is expanded
in turbines at lower pressure and higher x. At the reduced power,
initial part of the steam expansion in the HP turbine takes place in
the superheated region.

The power of the considered cycle, its electrical efficiency and
the mass flow rate of water in the main circuit (streams S_0 and
S_44 in Fig. 1), at the nominal operating conditions (plasma burn)
and at the reduced heating power (dwell phase) is presented in
Figs.3-5.1tis seen, that the gross electrical power of the cycle varies
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in the range 843-382 MW, whereas the gross electrical efficiency
- in the range 37.3-35.9%. The pump work, which varies in the
range 13-9.5 MW, does not affect significantly the electrical output.
Although utilizing heat from the divertor source increases the cycle
power, but slightly reduces its electrical efficiency. Reduction of the
heating power provided to the cycle is accompanied by the linear
reduction of the water/steam mass flow rate in the main circuit.

4. Summary and conclusions

The detailed convergent GC model of the steam/water PCS cycle
for the DEMO power plant (option WCLL with the ESS) was created
and its operation at the nominal conditions and at the reduced heat-
ing power was studied. It was demonstrated, that during the dwell
period the amount of heat provided from the ESS to the cycle can be
safely reduced down to 50% of its nominal value. This is an impor-
tant information for the designers of the ESS which should help in
its proper sizing.

Acknowledgments
This work has been carried out within the framework of

the EUROfusion Consortium and has received funding from the
Euratom research and training programme 2014-2018 under grant

agreement No 633053. The views and opinions expressed herein do
not necessarily reflect those of the European Commission. This sci-
entific work was also partly supported by Polish Ministry of Science
and Higher Education within the framework of the scientific finan-
cial resources in the year 2016 allocated for the realization of the
international co-financed project.

References

[1] A. Del Nevo, et al., WCLL breeding blanket design and integration for DEMO
2015: status and perspectives, 2016, presented at the SOFT 2016 conference,
5-9.09.2016 Prague, Czech Republic.

[2] C.Harrington, D. McLaughlin, S. Norrman, Dynamic modeling of a water-cooled
blanket and energy storage options for a pulsed DEMO, presented at the SOFT
2016 conference, 5-9.09.2016 Prague, Czech Republic.

[3] G. Federici, et al., Overview of the design approach and prioritization of R&D
activities towards an EU DEMO, Fusion Eng. Des. 109-111 (2016) 1464-1474.

[4] E.Bubelis, Conceptual Design Definition for an Intermediate Cooling Loop
Configuration and Coolant, Final report for the task BOP-3.1.4 (2014) (IDM
reference: EFDA_D_2HDVN9).

[5] J.I. Linares, A. Cantizano, B.Y. Moratilla, V. Martin-Palacios, L. Batet, Supercritical
CO, Brayton power cycles for DEMO (demonstration power plant) fusion
reactor based on dual coolant lithium lead blanket, Energy 98 (2016) 271-283.

[6] S. Norrman, Thermodynamic modelling activities with APROS Code for Helium
as primary coolant, Final report for the task BOP-3.1.1 (2015) (IDM reference:
EFDA_D_2]JMZ4K).


http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0015
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025
http://refhub.elsevier.com/S0920-3796(17)30229-6/sbref0025

	Analysis of the secondary circuit of the DEMO fusion power plant using GateCycle
	1 Introduction
	2 Model description
	2.1 Basic assumptions
	2.2 Energy calculations

	3 Results
	4 Summary and conclusions
	Acknowledgments
	References


