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ARTICLE INFO ABSTRACT
Keywords: The increasing penetration of intermittent renewable power will require additional flexibility from conventional
Nuclear power plants, in order to follow the fluctuating renewable output while guaranteeing security of energy supply. In this
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context, coupling nuclear reactors with thermal energy storage could ensure a more continuous and efficient
operation of nuclear power plants, while at other times allowing their operation to become more flexible and
cost-effective. This study proposes options for upgrading a 1610-MW, nuclear power plant with the addition of a
thermal energy storage system and secondary power generators. The total whole-system benefits of operating the
proposed configuration are quantified for several scenarios in the context of the UK’s national electricity system
using a whole-system model that minimises the total system costs. The proposed configuration allows the plant to
generate up to 2130 MW, during peak load, representing an increase of 32% in nominal rated power. This
520 MW of additional power is generated by secondary steam Rankine cycle systems (i.e., with optimised cycle
thermal efficiencies of 24% and 30%) and by utilising thermal energy storage tanks with a total heat storage
capacity of 1950 MWhy,. Replacing conventional with flexible nuclear power plants is found to generate whole-
system cost savings between £24.3m/yr and £88.9m/yr, with the highest benefit achieved when stored heat is
fully discharged in 0.5 h. At an estimated cost of added flexibility of £42.7m/yr, the proposed flexibility upgrades
to such nuclear power plants appears to be economically justified with net system benefits ranging from £4.0m/
yr to £31.6m/yr for the examined low-carbon scenarios, provided that the number of flexible nuclear plants in
the system is small. This suggests that the value of this technology is system dependent, and that system char-
acteristics should be adequately considered when evaluating the benefits of different flexible nuclear plant
configurations and choosing the most cost-effective designs and operational characteristics.

overall effort to achieve the objective of net-zero greenhouse emissions
by 2050 under the Climate Change Act [2,3].

Nuclear power plants are commonly operated to meet baseload
electricity demand because of their economic and technical character-
istics. However, in systems with a high share of renewables it is
important to investigate how flexible and profitable nuclear power can
complement renewables, not only by meeting baseload demand but also
by supplying peak demand. Jenkins et al. [4] investigated the benefits of
nuclear flexibility in power system operation with a high penetration of
wind and solar. The study concluded that flexible nuclear operation
potentially reduces the operating costs and increases the overall reactor
revenues by 2-5% compared to a baseload nuclear reactor. The increase
of revenues is mainly due to the capability of supplying day-ahead

1. Introduction

Although recent rapid reductions in the cost of renewable generation
technologies have been making nuclear power less economically
attractive due to its high capital costs, long construction times, and
uneconomic load-following operation, nuclear power can play a signif-
icant role in achieving the ambitious global emission reduction targets
due to its ability to provide zero-carbon electricity [1]. In particular,
nuclear power or other forms of firm low-carbon generation will be
essential for ensuring energy security in a system with a high share of
variable renewables. This is why the UK is still considering government-
supported models for investing in nuclear power projects as part of the
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Nomenclature

operating cost function (£)

number of electrolyser assets (-)
number of power generation assets (-)
specific enthalpy (J/kg)

number of hydrogen storage assets (-)
mass flowrate (kg/s)

number (-)

number of flexible nuclear assets (-)
heat (J)

rate of heat (W)

number of battery storage assets (-)
time interval (h)

temperature (K)

unit commitment (-)
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power (W)
steam quality (-)
Greek symbols
a availability factor (-)
p no-load heat rate (MWhg,/h)
y incremental heat rate (MWy,/MW,))
) duration of unit time interval (h)
A difference (-)
n efficiency (%)
U total capacity (W)
T per-unit cost (£/W/yr)
T number of time intervals (h)
Subscripts/superscripts
Ch charging
D design point
Dch discharging
DE deaerator
FN flexible nuclear
Gen generator
HL hot-leg
HPT high-pressure turbine
in inlet
is isentropic
LPT low-pressure turbine
m melting
max maximum
min minimum

net net

oD off-design point

out outlet

P pump

PL part-load

PP pinch-point

PSRC primary steam Rankine cycle
RH reheater

SE side extraction

SG steam generator

SSRC secondary steam Rankine cycle
T turbine

TES thermal energy storage

TV throttling valve

Acronyms

AGR advanced gas-cooled reactor
BECCS  bioenergy with carbon capture and storage
BESS battery energy storage system
CCGT combined cycle gas turbine
CCS carbon capture and storage
CFWH  closed feedwater heater

CHP combined heat and power
CSP concentrated solar power
DSR demand side response

EPR European pressurised reactor

HPT high-pressure turbine

IRENA international renewable energy agency
LAES liquid air energy storge system
LCOE levelised cost of electricity

LPT low-pressure turbine
LWR light water reactor
OCGT  open cycle gas turbine
OPEX operating expenditure
ORC organic Rankine cycle
PCM phase change material

PSRC primary steam Rankine cycle

PV photovoltaic

PWR pressurised water reactor

RH reheater

SG steam generator

SSRC secondary steam Rankine cycle

TES thermal energy storage

WeSIM  whole-electricity system investment model

reserves and avoiding negative day-ahead electricity prices. Further-
more, a study performed by Denholm et al. [5] conceptually studied the
impact of integrating thermal energy storage (TES) system with nuclear
power plants. The study recommended the use of TES systems to achieve
higher capacity factors and lower levelised cost of electricity (LCOE),
especially where nuclear is competing with intermittent renewables.
Combining nuclear reactors with TES systems for enhanced flexi-
bility and increased revenues has been previously investigated in the
literature. For example, Carlson et al. [6] investigated the impact of
integrating a pressurised water reactor (PWR), Westinghouse AP1000,
with TES tanks. The TES tanks are charged by diverting excess steam
after the steam generator during low demand and are discharged to the
main nuclear-powered Rankine cycle system that includes turbines that
can be operated at about 10% higher power output than the design
point. Several TES materials such as concrete, silica and phase change
material (PCM) were considered. It was concluded that such integration

could potentially increase the capacity factor by up to 10% compared to
operating the same power plant with steam bypass option. Park et al. [7]
performed a technoeconomic study on integrating a nuclear power plant
with liquid air energy storage system (LAES). In that study, charging is
performed by diverting steam from the nuclear-powered cycle to drive
an external steam turbine driven compressor utilised for air compression
in the LAES, while discharging is performed similar to conventional
LAES systems. This nuclear-LAES integrated system resulted in
increasing the capacity factor for the nuclear power plant by 3% and
decreasing the LCOE of the LAES from 220 $/MWhg (i.e., for standalone
LAES) to 183 $/MWhg). Furthermore, Amuda et al. [8] explored the
option of combining a currently operating light water reactor (LWR)
plant (APR1400) with packed-beds (i.e., crushed rocks) TES system. In
the proposed configuration, which was selected based on an optimisa-
tion and exergy study performed by Kluba et al. [9], the TES is utilised to
provide extra feedwater heating in the primary power generation cycle,
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which results in 135 MW of additional electrical power when the
reactor is operated at full thermal capacity. This additional power can be
supplied to the electricity grid during high demand to increase revenues.
Other TES systems including molten-salt tanks [10], firebrick resistance-
heated energy system [11], geothermal heat storage [12], cryogenic air
energy storage [13] and hot rock storage [14] were also considered and
discussed.

There are also several studies that considered the option of coupling
nuclear reactors not only with TES systems but also with secondary
power generators for extra peak power generation. Carlson et al. [15]
conducted a thermodynamic analysis of coupling the AP1000 reactor
with a TES system and secondary power generation cycle (steam
Rankine cycle). Four different configurations were considered based on
the location of the TES system (i.e., where steam is diverted for charging
stream) and whether stored thermal energy is discharged using the
primary or the secondary power generation cycle. It was found that the
option where TES tanks are charged by heat from steam diverted after
the moisture separator/reheater and then discharged using the opti-
mised secondary power generation cycle gives the greatest thermody-
namic performance compared to the other considered options. This
charge/discharge option resulted in increasing the capacity factor of
AP1000 by 15% compared to the bypass option that is generally used for
baseload flexibility. Carlson et al. [16] also performed a parametric
study investigating the thermodynamics and the cost performance of
coupling the same reactor with a TES system and a secondary Rankine
cycle system. Three configurations based on the TES charge/discharge
mechanisms and duration were investigated, and two of these configu-
rations could provide more than 1.5 times the nominal power output of
1050 MW due to the use of secondary power generators. Moreover, the
integration of nuclear power plant with a cryogenic-based energy stor-
age technology and secondary power generation unit was assessed by Li
et al. [17]. The studied configuration showed the ability of generating a
total net output power of 690 MW, during peak times, which is 2.7
times the baseload power output of 250 MW.

In terms of economics, Forsberg [18] investigated the potential
economic benefits of integrating LWRs with heat storage and auxiliary
fuel combustion heater. The combustion heater was added to assure a
continuous peak electricity production, even when the stored heat in the
TES system is fully depleted. It was concluded that the economics of this
combination is dependent on three conditions: (i) the cost of heat stor-
age is lower than the cost of electricity storage technologies, (ii) the cost
of the nuclear reactor and the steam generators is higher than the costs
of power generation cycle components, and (iii) low-cost boilers should
provide assured peak-load capacity at lower costs than competing
technologies such as combined cycle gas turbines (CCGTs). Romanos
etal. [19] investigated the thermodynamics and the economic feasibility
of upgrading the flexibility of the UK’s current fleet of advanced gas-
cooled reactors (AGRs) through the integration with PCM-based TES
system and secondary organic Rankine cycle (ORC) generators. The
study found that such integration could increase the peak power output
from 670 MW, to 822 MW (i.e., 24% increase) during the discharge of
thermal energy from the PCM tanks. The study concluded that the
economics of the upgraded AGRs is highly dependent on: (i) the differ-
ence between off-peak and peak electricity prices; (ii) the size of the ORC
plants; and (iii) the frequency and the duration of the charging/dis-
charging cycles. Another study performed by Borowiec et al. [20]
focused on the potential economic benefits of running a 3.5 GWy, nu-
clear reactor coupled with a TES system in five different electricity
markets in the USA. The study considered various market scenarios
based on the shares of renewables (i.e., wind and solar) and several
capacity prices. It was concluded that profitability could be attained but
it is highly dependent on: (i) the type of electricity markets; (ii) the share
of renewables in the system; (iii) the size of installed capacity of nuclear
and renewables; and (iv) the installation costs and the storage materials
of the attached TES system. All aforementioned research demonstrated
the potential of flexible and profitable nuclear operation with the
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integration of TES, while keeping the reactor output at full rated power.
However, the gained benefits, from electricity systems perspective, of
replacing conventional nuclear power plants with enhanced flexibility
ones has not been thoroughly studied and quantified yet.

There is a wide range of TES technologies, which can be classified in
terms of storage mechanism as: i) sensible, ii) latent, also known as
PCM, and iii) thermochemical [21]. There is a growing demand for TES,
as reported in a recent study by the International Renewable Energy
Agency (IRENA) [22] that predicts that the global market for TES could
triple in size by 2030, with an increase from 234 GWhy, of installed
capacity in 2019 to over 800 GWhy, within a decade. Recent research
from Cardenas et al. [23] estimated the required heat storage capacity as
the penetration of renewables increases, and the timescales in which
energy is most efficiently stored. The paper studied the effect that the
renewable penetration, allowable curtailment, storage capacity and ef-
ficiency have on the total cost of electricity in the UK scenario,
concluding that the most needed flexibility service at high solar photo-
voltaic (PV) and wind energy penetration is the medium duration one,
with 4 to 200 h discharge duration.

The role of TES in systems with high renewable penetrations be-
comes even more prominent when considering renewable technologies
such as concentrated solar power (CSP). This is evident in Gils et al. [24]
paper, which analyses different European scenarios with very high
renewable penetrations and discusses the economic and technical issues.
The advantages of the application of TES over batteries in combination
with large-scale thermoelectric power plants were also highlighted by
Ma et al. [25]. According to that analysis, the use of TES in combination
with conventional power plants allows to economically support variable
renewables at larger capacity and for longer discharging hours than
current battery storage technologies or hydropower storage.

Decarbonisation of the electricity system will require a range of
technologies to provide flexibility in the context of grid support,
balancing, security of supply and integration of variable renewables
[26]. These technologies will include various forms of energy storage,
demand-side response, expansion of interconnection capacity and more
flexible generation technologies, as well as a number of cross-vector
flexibility options such as TES and power-to-X. A number of studies
have shown that flexibility becomes increasingly important as carbon
emissions targets for the electricity sector are reduced and therefore the
provision of flexibility will become particularly critical in achieving net-
zero carbon or net-negative carbon electricity supply [27].

Energy technologies linking heat and power will play a key role in
the integration between the heating/cooling and electricity networks,
and therefore recent research has focused on the optimal design and
operation of combined heat and power (CHP) systems, centralised heat
pumps and TES options for district heating [28]. It has been shown in
Ref. [29] that a cost-efficient supply of heat in a local district heating
system may require a significantly higher volume of TES to manage local
grid constraints and support the integration of high penetration of var-
iable renewables.

To adequately quantify the role of flexible solutions in future elec-
tricity systems, it is critical to model these systems with sufficient
spatial-temporal resolution using a holistic system approach. The
approach to system valuation of flexible nuclear configurations used in
this paper is based on an extension of the whole-system modelling
approach presented in Ref. [30]. This whole-system valuation approach
has previously been used to assess battery storage [31], pumped-hydro
storage [32] and liquid-air and pumped-heat energy storage [33].

In this paper, a novel approach to configuring flexible nuclear power
plants and quantifying their system value in low-carbon electricity
systems is proposed. Specifically, the main novel contributions of the
paper include:

e A technology-rich approach to configuring the design of a selected
flexible nuclear power station and simulating its operation based on
detailed thermodynamic modelling of various individual plant
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components (secondary Rankine power cycle systems, generators,
turbines, PCM-based TES tanks, feed pumps, condensers, feedwater
heaters, etc.), including the consideration of part-load operation
conditions during the charge cycle of the TES system.

The design of novel modular units combining PCM-based TES sys-
tems and secondary steam Rankine cycle power systems, aiming for a
more feasible installation procedure and potentially lower costs of
the main components of such an integrated system.

Optimisation of the thermodynamic performance of the proposed
flexible nuclear plant configuration by determining efficient choices
for a variety of technical parameters including the choice of suitable
PCM:s.

Development of a high-fidelity model of the resulting flexible nuclear
power plant within a high-resolution power system model that
minimises the total investment and operation cost for generation and
storage assets in the system; representation of flexible nuclear in-
cludes an explicit consideration of different plant components
including TES, steam generator and primary and secondary genera-
tion cycles.

Quantification of the system value offered by the enhanced flexibility
of such nuclear plants, considering a range of scenarios characterised
by decarbonised electricity supply and a high share of variable
renewable generation.

2. Methods

As a first step of this study, a layout is proposed for upgrading a
conventional nuclear power plant with a TES system and secondary
power generation systems. Each main component of the proposed
configuration is computationally modelled for thermodynamic perfor-
mance evaluation. Secondly, the obtained energy performance and in-
vestment costs are used as an input for the whole-system modelling of

Thermal energy
storage -1 (TES-1)

Secondary steam Rankine
cycle -1 (SSRC-1)

storage -2 (TES-2)
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the low-carbon electricity system in the UK, to evaluate the benefits of
such a flexible asset.

2.1. Power plant configuration and description

The layout of the proposed nuclear power plant, illustrated in Fig. 1,
consists of:

1) A nuclear power island that includes a PWR and a steam generator
(SG), which generates steam utilising nuclear thermal power.

2) A primary steam Rankine cycle (PSRC) system that contains high-
pressure turbines (HPT), low-pressure turbines (LPT), a reheater
(RH), a condenser, electric generators, six closed feedwater heaters
(CFWH), throttling valves, control valves, a condensate pump, a feed
pump and a deaerator.

3) TES units, indicated as TES-1 and TES-2 in Fig. 1. TES-1 unit is

proposed to have two PCM tanks (PCM-1 and PCM-2) connected in

series. PCM-1 tank is charged using higher temperature steam
flowing out from the steam generator, while PCM-2 tank is charged
using steam flowing out from PCM-1 tank. Similarly, TES-2 unit has
two PCM tanks (PCM-3 and PCM-4), also connected in series. How-
ever, TES-2 tanks are charged by lower temperature steam that is

extracted after the HPT and before the reheater, as shown in Fig. 1.

Two secondary steam Rankine cycle (SSRC-1 and SSRC-2) systems.

System SSRC-1 is operated by discharging the heat stored in TES-1

tanks while system SSRC-2 is operated by utilising the stored heat

in TES-2 tanks.

4

—

In this study, the reactor is assumed to continuously operate at full
rated thermal power whenever it is possible in order to avoid power
disturbance in the reactor and to maximise the economic benefits of
investing in such a capital-intensive energy source. In this context, most

Thermal energy Secondary steam Rankine

cycle -2 (SSRC-2)

~

c)

High- pressure
turbine

Reheater Low- pressure

turbine
Generator

Steam

generator !

Reactor

Nuclear
power island

Primary steam Rankine cycle (PSRC)

[ —> Nominal operation

———> Charging mode

—> Discharging mode ]

Fig. 1. Layout of the proposed nuclear power plant coupled with PCM tanks as TES units and secondary power Rankine cycle (SSRC) systems. Black lines indicate
flow streams during nominal operation, red lines indicate thermal energy charging flow streams, and green lines indicate thermal energy discharging flow streams.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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load following operations are achieved by controlling: (i) the amount of
steam flowing from the steam generator to the PSRC system; (ii) the
amount of steam directed to both TES units (i.e., charging mode); and
(iii) the operation of both SSRC systems (i.e., discharging mode).

During nominal (full load) operation mode, the generated steam in
the SG flows to the PSRC system and no steam is directed to the TES units
as the TES system control valves (i.e., located before PCM-1 and PCM-3
tanks) are closed. The TES system charging process is performed at times
of low electricity demand (i.e., part-load operation mode) by opening
the TES system valves and allowing some amount of the generated steam
to flow into the PCM tanks for heat deposition. The opening of TES
valves reduces the mass flowrate of steam flowing to the PSRC system (i.
e., to the HPT, reheater and LPT) due to constant steam generation in the
SG. This operation method allows for operating the PSRC system at
reduced power output while running the reactor at full rated thermal
power output (i.e., steady steam outlet conditions from the SG). The
stored heat in the TES system is assumed to be discharged to generate
extra electrical power through the operation of the SSRC systems during
periods of high demand (i.e., peak electricity prices). The use of SSRC
systems is to have the ability to generate extra power during high
electricity prices, and thus, higher revenues.

2.2. Nuclear reactor and primary steam Rankine cycle system

The selected nuclear reactor design is the European pressurised
reactor (EPR), which is a PWR that generates 4520 MWy, of thermal
power using nuclear fission [34]. Although there is a wide range of
reactor types and designs, the EPR is chosen as it is currently under
construction in the UK at Hinkley Point C, and is also the choice for the
potential future construction of Sizewell C [35]. It is expected that the
EPR design has a higher potential than other reactor designs to replace
the current fleet of AGRs in the UK due to the experience gained from
constructing current EPRs. Table 1 summarises the main EPR operating
parameters that are considered in the PSRC system model, which is
explained in detail in the next section.

2.2.1. Full load operation

The full load (nominal load) of the PSRC system model is formulated
using the operation parameters and assumptions listed in Table 2. Full
load operation of the PSRC system means that no steam is directed to the
TES units and all nuclear thermal power is utilised for electrical power
generation from the PSRC generators. The enthalpy of steam exiting the
nuclear-powered SG is calculated using the rate of added heat in the
steam generator, Qs as follows:

QSG =m (hom - hin) (1)

where QSG is the (rate of) added heat, m the mass flowrate, h the specific
enthalpy of steam, and subscripts ‘in’ and ‘out’ indicate the conditions at
the inlet and the outlet of the steam generator.

Equations (2)-(5) are used to calculate the generated power by the
turbines and needed by the pumps:

WT =m (hin - houl) (2)

Table 1

Main operation parameters of the EPR.
Parameter Value Reference
Reactor thermal power (MWy,) 4520 [34]
Feedwater temperature (°C) 230 [36]
Feedwater pressure (kPa) 8300 [371
Steam generator mass flowrate (kg/s) 2553 [36]
Steam generator outlet temperature (°C) 293 [37]

Steam generator outlet pressure (kPa) 7800 [37]
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Table 2

Primary steam Rankine cycle assumptions and parameters at nominal power.
Parameter Value Reference
Average HPT design isentropic efficiency (%) 87 [38]
Average LPT design isentropic efficiency (%) 87 [38]
Condensing pressure (kPa) 10 [16]
Pump isentropic efficiency (%) 85 [38]
Generator mechanical efficiency (%) 98 [39]
Pressure loss in the reheater (kPa) 300 -
Hot stream outlet steam quality in CFWHs (-) 0 -

_ (hin - houl) 3
n out,1s

WP =m (houl - hin) (4)

” _ (houl.is - hin) (5)
P (houl - hin)

where Wy and #; are the turbine power and isentropic efficiency, Wp
and 7, the pump power and isentropic efficiency, and subscript ‘is’ in-
dicates properties evaluated at equivalent isentropic conditions.

The amount of thermal power added in all CFWHs and the reheater
and the outlet steam enthalpy of the deaerator are calculated using
Equations (6) and (7), respectively:

Ocewnrn = 1 (Bow — hin) (6)
houl = % (7)

where " (mh),, is the sum of all inlet flow energy and > m;, the sum of
inlet mass flowrates.

The PSRC system net electrical power, Wi, and the net PSRC system
efficiency, #pgrc, are calculated from:

Woet = <neen > WT> =) W @®

Wnel
QSG

©)

Npsrc =

where 7., is the generator efficiency.

One method of obtaining the operating conditions of other PSRC
system parameters such as the turbine side extraction pressures and
flowrates, steam that flows from the steam generator to the reheater,
etc., is to set up an optimisation model with an objective function that
maximises the net cycle efficiency as in Equation (10). The model sim-
ulations are performed using MATLAB and all steam properties are ob-
tained using REFPROP [40]. The PSRC system efficiency optimisation
tasks are solved using MATLAB’s interior point algorithm fmincon. This
algorithm identifies multiple local minima over a range of initial con-
ditions in order to find the global minimum.

max{7psgc } 10)
MRH(1,2,3)s PRPT SE(1.2)s PHPT 0uts PLPT SE(1,2,3.4) s TIHPT,SE(1,2) ILPT,SE(1,.2,3.4)

where pspc is the PSRC efficiency, mgy(1 2 3) the mass flowrates of steam
flowing to the reheater, Pyprsg(1,2) the HPT side extractions pressures,
Pypr o the HPT main outlet pressure, Pprsg1,234) the LPT side ex-
tractions pressures, Mypr sg(1,2) the steam mass flowrates from the HPT
side extractions to high-pressure CFWHSs, and myprsg1,23.4) the steam
mass flowrates from the LPT side extractions to low-pressure CFWHs.

The objective function is formulated to solve the numerical PSRC
system model while satisfying a set of non-linear constraints listed in
Equations (11)-(16):
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AT > 5 °C @an
ATy = 5 °C (12)
Xrwiou <0 (13)
Prvou = Pgllwfwmn as
Xpin <0 (15)
Truon > 287°C (16)

where ATfhyyim and ATenyy .. are the inlet and outlet pinch-point
temperature difference of all CFWHS, X{hyy o, the CFWH hot-leg
outlet steam quality, Prv.. the throttling valve outlet pressure,
Pl the CFWH hot-leg inlet steam pressure, xp;, the pump inlet
steam quality, and Tgry . the reheater outlet temperature.

The constraints related to the pinch-point temperature differences in
the CFWHs are set to allow for more effective heat transfer rates between
the hot and the cold streams during nominal and part-load operation
modes while achieving reasonable sizes (i.e., costs) of heat exchangers.
The CFWH hot-leg outlet steam quality constraint, Equation (13), is to
maximise the amount of heat transferred from the turbine side extrac-
tion steam to the feedwater through a full condensation of steam,
leading to higher cycle thermal efficiencies. The pressure equality
constraint, Equation (14), is to ensure that both CFWH inlets (i.e., from
the turbine side extraction and from the throttling valve) have the same
pressure. The pump inlet steam quality constraint is necessary to ensure
that the steam entering the pumps is either saturated or subcooled liquid
to avoid damaging the pumps. Lastly, the reheater steam temperature
constraint is implemented to achieve higher cycle thermal efficiencies.

2.2.2. Part-load operation (charging mode)

The part-load PSRC system model is constructed by considering the
following off-design turbine efficiency correlation for both, the HPT and
the LPT [41]:

NOP AR ’
=g =2 | ———-1 an
NP/ AROP

where 7, is the turbine isentropic efficiency, N the shaft rotational
speed, Ah;; the equivalent isentropic enthalpy change across the turbine
stage, and superscripts ‘D’ and ‘OD’ indicate the design point and off-
design conditions, respectively.

It is assumed that the shaft speed is constant for all loads as the shaft
is connected to a power grid with fixed frequency, typically 50 Hz in the
UK [42]. In this study, the multiple stages between the turbine inlet and
the next side extraction, between two side extractions or between the
last side extraction and the main turbine outlet, are considered as one
turbine stage. Therefore, the HPT turbine and the LPT are assumed to
consist of 3 and 5 stages, respectively.

The part-load PSRC system model also considers the change of steam
pressure at the inlet and the outlet of each stage due to steam mass
flowrate and temperature variations inside the turbine during part-load
operation. To calculate the turbine inlet, outlet, and side extractions
pressure, the following Stodola’s ellipse law is applied [43,44]:

= 18

where Py, is the inlet steam pressure, P, the outlet steam pressure, T;,
the inlet steam temperature, and m;, the inlet steam mass flowrate.
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The part-load cycle efficiency expression and the adjusted optimi-
sation objective function are:
W,
PL net
Npspe = —————— (19)
PORE QSG - QTES

. . ma?.‘{ﬂ%kc} ‘ ' (20)
MRH(1,2,3), MHPT,SE(1,2) » MLPT,SE(1,2,3,4) s MTES—1, MTES -2

where Qqgs is the total amount of thermal power available for storage,
mrgs—1 the steam mass flowrate flowing to TES-1, and migs_» the steam
mass flowrate directed to TES-2.

The optimisation problem is solved using the same optimisation al-
gorithm as in Section 2.2.1 and satisfying the constraints listed in
Equations (11)-(16) as well as the following additional constraint that is
set to limit the amount of diverted steam from the PSRC system (i.e.,
before and after the HPT) to the TES system during the charging mode,
which reduces the overall impact on the performance of both turbines
during off-design conditions:

Orgs_1 = Ores—s 21

where Qqgs_; and Qqgs_, are the amount of thermal power available for
storage in TES-1 (PCM-1 and PCM-2 tanks) and in TES-2 (PCM-3 and
PCM-4 tanks), respectively.

It should be noted that the SG inlet temperature is assumed to be
maintained at 230 °C during the charging process of the TES systems.
The temperature of steam exiting PCM-2 and PCM-4 tanks is expected to
vary during the TES charging process, but these temperature variations
are controlled in the feedwater heating system (i.e., the CFWHs and the
deaerator). This can be seen in Fig. 1 where steam outflowing from the
TES-1 system is directed to the cold-leg inlet of the first high-pressure
CFWH and steam exiting the TES-2 system is connected to the deaer-
ator, which also operates as an open feedwater heater. The temperature
control in the feedwater heating system is achieved by adjusting the
amount (i.e., the mass flowrate) of steam flowing from the turbine side
extractions. This affects the amount of heat transferred to the feedwater
in the CFWHs, and thus the feedwater temperature.

2.3. Conceptual design of modular thermal energy storage and secondary
steam Rankine cycle units

A conceptual modular TES-SSRC design is proposed in this study. The
modular TES-SSRC unit is designed to contain four components attached
to the PSRC system. These components are system TES-1 (PCM-1 and
PCM-2 tanks), system SSRC-1, system TES-2 (PCM-3 and PCM-4 tanks),
and system SSRC-2 as illustrated in the top side of Fig. 1. The reasons
behind proposing modular TES-SSRC units are:

e The potential of capital cost and production time reduction when
fabricating the same component for multiple times (i.e., mass pro-
duction) [45].

e The ability of adding extra modules if larger heat storage capacity is
required in the future.

e The capability of placing the modular units in different locations
around the nuclear reactor.

The size of the modular TES-SSRC unit is determined by the amount
of thermal power available for storage and the TES charging/discharg-
ing duration. One modular TES-SSRC unit is sized based on the following
assumptions:

e The storage capacities of TES-1 and TES-2 are determined by
calculating the amount of heat available for storage when the PSRC
power output is reduced by a scale of 10% of the nominal load for 1
h. For example, if the PSRC system is operating at 50% of its nominal
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Table 3

Thermal properties of PCM and steam conditions of the PCM tanks.

TES-SSRC-2

TES-SSRC-1

Parameters

PCM-4 [49,50,53-57]

PCM-3 [50,58,59]

PCM-2 [49,50,53-57]

PCM-1 [48,51-54]

53% KNOj + 40% NaNOs + 7% NaNOs
142

87% LiNO3 + 13% NaCl

208
369

53% KNOs + 40% NaNO, -+ 7% NaNOs

142

NaNO,
282
212

Material

Melting temperature (°C)

81.5

81.5

Latent heat of fusion (kJ/kg)

Density (kg/ms)

2000, 1960*

2350, 1890*

2000, 1960*

2020, 1810*

1.34, 1.56*

1.54, 1.56*

1.34, 1.56*

1.85, 1.60*
1.30, 0.50*
7800

293

Specific heat capacity (kJ/kg-K)
Thermal conductivity (W/m-K)
Charging steam inlet condition

0.57, 0.42*

1.35, 0.63*

2390
221

0.57, 0.42*

Pressure (kPa)

Temperature (°C)

Quality ()

0.88
111

superheated

102

111

102

Mass flowrate (kg/s)

Pressure (kPa)

2290
152

7700
152

Charging steam outlet conditions

Temperature (°C)

Quality (-

subcooled

111

subcooled

102

111

102

Mass flowrate (kg/s)

* First value is for the solid and the second for the liquid phase.
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power for 1 h, 5 modular TES units can be fully charged at the end of
that hour.

e Both systems (SSRC-1 and SSRC-2) are sized to fully discharge TES-1
and TES-2 in 1 h, which is selected based on the assumption of
running the whole-electricity system optimisation model with 1-h
time resolution (see Section 2.4 for more details).

2.3.1. Thermal energy storage system design and selection of phase change
materials

PCMs are selected due to their ability to charge and discharge ther-
mal power at constant temperatures (melting temperature) [46]. The
optimal type and design (i.e., shape, dimensions, etc.) of the PCM tanks
in the modular TES-SSRC system is not the focus of this study. However,
the selection of the PCM type is essential to determine the operation
temperature range of SSRC-1 and SSRC-2 systems. Table 3 summarises
the calculated inlet steam conditions and the assumed outlet steam
conditions of TES-1 and TES-2 as well as the types of PCM that suit the
temperature range of the charging steam (heat-source). Each PCM tank
is designed with a specific material, depending on the charging steam
temperature and the correspondent PCM melting temperature, to
reduce, to some extent, the exergy losses caused by large temperature
differences between the PCM and the steam in the charging/discharging
processes [19]. It should be emphasised that the size (i.e., volume) of the
PCM tanks is expected to between 3000 m? and 3500 m® for each tank (i.
e., calculated based on heat storage density of 46 kWhy,/m® as in
Ref. [19]). Thus, sufficient land areas and spaces are required for the
installation of these PCM tanks.

Selection of the PCM type is based on a minimum of 10 °C temper-
ature difference between the melting temperature of the PCM and the
inlet/outlet steam condition in order to ensure effective heat transfer
rates between the flowing steam and the PCM. There are various types of
PCMs such as: organic compounds (paraffin and non-paraffin com-
pounds), inorganic compounds (salts, salt hydrate, and metallic), and
eutectic which is a mixture of the previous types [47]. For a temperature
range from 150 °C to 300 °C, salts and eutectic salts are good candidates
because their melting temperature are within the specified range and
also because their thermal conductivities (i.e., between 0.4 and 1.5 W/
m-K) are relatively higher than those of most organic latent-heat storage
materials, which could be as low as 0.1 W/m-K [48]. Therefore, NaNO,
is selected for PCM-1 tank (melting temperature of 282 °C, which is
11 °C below the steam inlet temperature, 293 °C) [48]. For PCM-2 tank,
the selected material is salt mixture referred to as HITEC (composition:
53 wt% KNOs3 + 40 wt% NaNO3 + 7 wt% NaNO3) with a melting point
of 142 °C, which is 10 °C below the minimum steam temperature in TES-
1 [49]. In TES-2, the selected PCM for tank 3 is an eutectic salt that
comprises of 87 wt% LiNO3 + 13 wt% NacCl, with a melting temperature
of 208 °C, since the maximum steam temperature is 221 °C, which is
lower than the maximum steam temperature in TES-2 [50]. For PCM-4
tank, the selected material is the same as in PCM-2 tank (i.e., HITEC).

It is also conservatively assumed that there is a pressure loss
amounting to 50 kPa on the steam flow across each PCM tank, to account
for any frictional losses in the tank during charging and discharging
process. The mass flowrate listed in Table 3 is the average mass flowrate
calculated when the PSRC power level is reduced in steps of 10% of
nominal power, e.g., from 100% to 90%, from 90% to 80%, etc.

2.3.2. Design and operation of secondary steam Rankine cycle systems
(discharging mode)

Discharging of stored heat is performed through system SSRC-1 and
system SSRC-2 that are coupled to TES-1 and TES-2, respectively. The
temperature range of TES-2 is relatively low for steam Rankine cycles,
which might not be a favourable option. However, it is still considered in
this study since the size of the SSRC systems is expected to be greater
than 45 MW¢,. Similarly, as in the PSRC efficiency optimisation model,
the main steam parameters of the SSRCs are optimised with a set of non-



A.A. Al Kindi et al.

linear constraints to achieve maximum cycle efficiency. The optimisa-
tion objective function of each SSRC is as follows:

max{gsgc }
PrEs in, Mru s PrPT SE(1,2) PHPT.0uts PLPT SE(1,2) s PIHPT SE(1.2) s PIDE» MILPT SE(1,2)

(22)

where 7y is the SSRC efficiency, Prgs in the TES inlet pressure, mgy the
steam mass flowrate directed to the reheater, mpg the mass flowrate
directed to the deaerator, and the other parameters are as defined in
Equation (10).

In addition to the constraints listed in Equations (11)-(16), the
following constraints are applied in the SSRC optimisation model:

Tresin < Tmpemeas) — 10 °C (23)
Tres out < Trmpem(13) 24)
XrES 00t > 1 (25)

where Trgsj, is the steam temperature at the TES inlet, T, pom(2,4) the
PCM melting temperature of PCM tank 2 or 4, Trgs o the steam outlet
temperature from systems TES-1 and TES-2 during the TES discharging
phase, Ty, pcm1,3) the PCM melting temperature of PCM tank 1 or 3, and
X1ES out the steam quality at the TES outlet.

The constraint in Equation (23) ensures that the temperature dif-
ferences between the steam and the PCM in the inlets of PCM-2 and
PCM-4 tanks are sufficient for effective heat transfer rates. The steam
outlet temperatures from PCM-1 and PCM-3 tanks are also limited by the
melting temperature of the selected materials as indicated in Equation
(24). The PCM temperature could reach to higher temperatures than the
melting temperature of the respective material as PCM tanks are charged
with steam (heat-source) of higher temperatures (i.e., at least 10 °C
higher than the melting temperature of the selected material). However,
the average steam outlet temperature from PCM-1 and PCM-3 tanks
during the discharging phase is expected, to a large extent, to be less or
equal to the melting temperatures of the selected PCMs. The last
constraint, Equation (25), is to ensure that the steam condition at the
inlet of the turbine is at least saturated vapour to avoid damaging the
turbines with very wet steam.

Moreover, the model accounts for TES heat losses to the environment
as well as the impact of steam conditions variation (i.e., temperature
difference, mass flowrate, pressure, etc.) on the heat transfer rate be-
tween the PCM and the steam during charging and discharging modes
[60]. Therefore, a charging heat-to-heat efficiency (4 ¢, ) of 90% and a
discharging heat-to-heat efficiency (17yggp.,) of 90% are assumed (i.e.,
round-trip efficiency of 81%). Other parameters and steam cycle as-
sumptions are the same as for the PSRC system model, as listed in
Table 2. The SSRCs are assumed to operate at full-load conditions most
of the time given that the share of each SSRC power output is expected to
be only about 2-3% of the total peak power output (i.e., from PSRC and
all SSRC systems). Hence, the aggregate SSRC power output can be
modulated by switching individual SSRCs on or off when more or less
power is required by the electricity grid. Also, the expected decrease in
part-load thermal efficiency between SSRCs operating at 100% and at
50% of nominal output is observed to be not greater than 5% (see Sec-
tion 3.2 for more details). This effect of reduced part-load efficiency is
not considered in the paper as it is not expected to have a significant
impact on the results. Nevertheless, a more accurate modelling of part-
load efficiency variations of the SSRC systems will be addressed in future
work.

2.4. Whole-system modelling and inputs

System assessment of flexible nuclear plants is carried out by
adopting an extended version of the whole-electricity system investment
model (WeSIM), presented in Ref. [30], to include specific features of
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flexible nuclear generation. Capturing the interactions across various
time-scales and asset types at sufficient temporal and spatial granularity
is critical when analysing future low-carbon electricity systems. WeSIM
is a whole-system analysis model that simultaneously optimises long-
term investments into generation, network and storage assets, and
short-term operation decisions in order to satisfy the demand at least
cost while ensuring adequate security of supply, sufficient volumes of
ancillary services and meeting system-wide carbon emission targets
[30]. WeSIM can quantify trade-offs between using various sources of
flexibility, such as demand-side response (DSR) and energy storage, for
real-time balancing and for management of network constraints.

A detailed formulation of the model has been previously provided in
Ref. [30]; therefore, only the new and additional elements of the model
formulation (i.e., new variables, constraints and parameters) that are
relevant for flexible nuclear power plant modelling are presented here.
Extensions to the WeSIM model presented here have been implemented
in FICO Xpress Optimisation framework [61]. WeSIM is formulated as a
large-scale linear programming problem that is solved using the
Newton-barrier optimisation algorithm, which identifies the globally
optimal solution over the feasible solution space.

2.4.1. Mathematical formulation of the whole-system model

The formulation of the system model presented here assumes a
single-node system without considering any distribution, transmission
or interconnection assets. A shortened form of the objective function for
the mixed-integer linear problem is given in Equation (26). The model
minimises the total system cost, which is the sum of annualised invest-
ment cost associated with power generation (G), flexible nuclear (N),
electrolyser (E), hydrogen storage (H) and battery storage (S) assets, and
the annual operating cost across all time intervals considered in the
study (in this case all 8760 h of a year). Component investment costs are
expressed as products of per-unit cost parameters (z) and decision var-
iables for total capacity (1). The operating cost term (C) is the function of
generation output decision variables (p) and reflects the variable oper-
ating costs, no-load costs and start-up costs of thermal generators.

G N E H N
min{z} = anﬂf—l— Zﬂf’yf’+ anﬂf+ Zﬂf’uf’+ Zﬂfuf
i=1 i=1 i=1 i=1 i=1

+ Z(EG:CG (pfi) + EN:Cﬁ (p,-N_,)> (26)
=1 \ i1 =1

A number of further constraints are formulated in the model
(detailed mathematical formulation of the main WeSIM model can be
found in Ref. [30] and is omitted here for brevity):

e power supply-balance constraints;

operating reserve constraints for fast and slow reserves;

generator operating constraints, including minimum and maximum
output, ramping constraints and minimum up and down time
constraints;

annual load factor constraints to account for planned maintenance;
available energy profiles for variable renewables;

demand-side response constraints that allow demand shifting;
emission constraints to limit total annual carbon emissions from the
electricity system;

security of supply constraints.

All variables and constraints presented in the remainder of this
subsection represent an extension of the WeSIM model, which in its
original formulation does not explicitly consider flexible nuclear plant
configurations discussed in this paper.

The number of flexible nuclear units in the system is denoted by ngy,
which can be either specified as fixed input or optimised by the model.
Unit commitment variables, u, are formulated for each time interval, t,
and separately for the PSRC and SSRC components of the flexible nu-
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clear units:

UpsRC,1; Ussrc, < MFN 27)

In all studies, the PSRC system is assumed to operate as a must-run
generator, i.e., that all PSRC units are always in synchronised opera-
tion (although not necessarily at full output).

The aggregate heat output of flexible nuclear plant steam generators,
Qsc.» is bounded from below and above by the product of npy and the
lower and upper bound per one unit:

nen Osg < Oser < nen Qg (28)

Aggregate power output of PSRC and SSRC components is bounded
by the relevant minimum and maximum output levels when these
generators are operating:

- min . - max
UpSRC.t WpsRc < WPSRC,)‘ < Upsre, WpsRC (29)

£ min ax

. - m:
ussrc: Wspe < Wssrer < Ussreyr Wsgre (30)

Note that the multiple modules of TES-SSRC units discussed in the
previous section are treated aggregately in this formulation. The rates of
charging and discharging heat into/from the TES systems are given by:

. = max
Ores.one < 1N Orps cn BD

. = max
Orgspens < N Orgs pen (32)

The energy content of TES is limited by the aggregate storage size,
while the TES balance equation accounts for charging and discharging
heat subject to losses:

Otes; < neN ?ﬁ‘é (33)

. 1
Ores, = Oresi—1 + (WTES.Ch Orescny ————
TTTES,Deh

QTESDch.:) 6 34)

Heat balance constraints are formulated to ensure that the heat
produced by steam generator is used either directly in the PSRC unit or
partially stored in TES, while any heat released from TES is used to
power the SSRC units:

QSG.r - QTES.Ch.t = QPSRC.t = Prsrc Upsre + Ypsre WPSRC,r (35)

Orespehs = Ossrey = Pssre Ussres T Vssre Wssres (36)

The link between the input heat and output electricity for PSRC and
SSRC units in Equations (35) and (36) is formulated by assuming a no-
load heat rate, f, that is incurred whenever the unit is operating
regardless of the output level, and incremental heat rate, y, that multi-
plies the generator output level. These heat rate parameters are esti-
mated from the results of thermodynamic modelling presented earlier in
this section. Other operating constraints such as ramping and minimum
up/down times were also implemented in the model but are omitted
here for brevity.

Finally, the annual availability constraint for the steam generator
output is formulated based on the product of the annual availability
factor, agn, and the duration of the year in hours, 7,:

z st,x < npx lenéx T OFN (37)
t=1

The total operation cost of flexible nuclear units contributing to total
system cost in Equation (26) is simply equal to the product of total SG
output and the cost of nuclear fuel.

2.4.2. Assessing the value of flexible nuclear units in low-carbon electricity
systems
System value of flexible nuclear generation in this paper has been
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quantified as a whole system benefit from replacing a standard nuclear
unit with a flexible alternative that also includes TES and SSRC gener-
ation. In the first step, the whole-system model is run to minimise the
total system cost and construct a series of counterfactual scenarios in
which nuclear generation had no added flexibility features. In the sec-
ond step, a series of model runs was performed with nuclear units being
replaced with flexible nuclear configurations that included TES and
SSRC generation. Any resulting reduction in total system cost (but not
reflecting the cost of making the nuclear generation more flexible) is
then interpreted as whole system benefit of flexible nuclear.

Whole system benefit of flexible nuclear is a useful benchmark to
compare against the estimated cost of this increased flexibility through
TES and a secondary steam cycle. This comparison is provided in the
results section, with the aim of identifying those electricity system fea-
tures that result in a positive net benefit of flexible nuclear generation.

2.4.3. Scenarios used for assessing the value of flexible nuclear generation

In order to examine the key drivers for the system value of flexible
nuclear, a number of scenarios have been run for different inputs as-
sumptions. Two generic systems have been assumed, North and South,
both sized to approximately match the UK electricity system. Although
the annual demand volume in both systems was the same, around
400 TWhg, the North system had a higher share of electrified heating
demand then South, but a lower share of cooling demand. Also, in the
North system it was assumed that onshore and offshore wind were
available at relatively higher capacity factors (40% and 54%, respec-
tively), while for solar PV the capacity factor was only 14%. In contrast,
in the South the assumed solar PV capacity factor was 24%, while wind
capacity factors were lower than in the North (35% and 49% for onshore
and offshore, respectively). In all case studies except one it was assumed
that there is exactly one nuclear unit in the system, with the PSRC rating
of 1610 MWg,. This unit was assumed to be either conventional (in the
counterfactual studies) or equipped with TES and SSRC units in the
flexible studies.

For each of the two systems (North and South) a series of scenarios
was investigated, as listed in Table 4, by running both counterfactual
and flexible nuclear studies. The purpose of these scenarios was to
explore the impact of various assumptions on the system benefit of
flexible nuclear, including the level of system carbon emissions, number
of nuclear units in the system, variations in SSRC duration (ratio be-
tween TES size and maximum SSRC heat intake; default assumption
was 1 h), uptake and cost of battery energy storage system (BESS) and
demand side response (DSR), and the ability to invest in carbon offsets
such as bioenergy with carbon capture and storage (BECCS).

3. Results and discussion

The thermodynamic performance of the PSRC system during full and
part-load operations is discussed in Sections 3.1 and 3.2. The results of
the designed TES-SSRC modular units are presented and discussed in
Section 3.3. Sections 3.4 to 3.6 highlight the benefits of added flexibility,
the impact of flexible nuclear on cost-optimised technology capacity

Table 4
List of system scenarios used for quantifying system benefits of flexible nuclear.
ID Scenario description
A Net zero carbon system
B Carbon intensity target of 25 gCO2/kWh
C Carbon intensity target of 50 gCO2/kWh
D 5 nuclear units instead of one
El SSRC duration of 0.5 h
E2 SSRC duration of 2 h
E3 SSRC duration of 4 h
F Higher cost of BESS (50% higher than baseline)
G Low DSR uptake of 25% (vs. 50% used in other cases)
H No investment in carbon offsets (BECCS)
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Table 5

Obtained PSRC system steam parameters at nominal power.
Parameter Value
HPT main outlet pressure (kPa) 2390
HPT main outlet temperature (°C) 221
Reheater main inlet mass flowrate (kg/s) 1880
Reheater outlet temperature (°C) 289
LPT main outlet pressure (kPa) 10
LPT main outlet mass flowrate (kg/s) 1370
Condensate pump outlet pressure (kPa) 2390
Net electrical power (MW,)) 1610
Cycle efficiency (%) 35.7

mix, and the operation of flexible nuclear power plants in low-carbon
electricity systems.

3.1. Performance of the primary steam Rankine cycle system at nominal
load

The main operating parameters of the PSRC system that result in
maximum cycle efficiency at nominal power are listed in Table 5. The
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temperature-specific entropy (T-s) diagram illustrating the main ther-
modynamic processes of the PSRC is shown in Fig. 2.

The calculated steam generator outlet temperature is 294 °C at 7800
kPa, which represents a slightly superheated steam. The steam enters the
HPT at the same conditions and expands to 2390 kPa, reheated to 289 °C
in the reheater, and then continue expanding in the LPT to a condensing
pressure of 10 kPa. The calculated net electrical power is 1610 MW,
which is 1.2% less than the declared design net capacity of 1630 MWy of
EPR [34]. Such difference is expected since the actual EPR steam cycle
parameters and components might be different to what is assumed in
this study. The obtained maximum heat-to-electricity efficiency of the
PSRC system is 36%, which is equivalent to a heat rate of 10.1 GJ/
MWhg,. This efficiency is relatively high compared to other PWRs de-
signs (an average of 33%) but it is achievable with recent improvements
in component efficiencies [62].

3.2. Performance of the primary steam Rankine cycle system during part-
load operation mode (charging mode)

The nominal operating conditions (i.e., design isentropic efficiencies,
mass flowrate, pressure, and temperature of both turbines) of the PSRC
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30 ) PSRC System ——Heat addition process
400 (W__=1610MW ., »=357%) [== Expansion process -+
net el ceq
—==QOther processes
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Fig. 2. Temperature-specific entropy, T-s, diagram showing the thermodynamic processes of the efficiency optimised PSRC system during nominal load operation.
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Fig. 3. Maximum PSRC system efficiency for electric loads from 50% to 100% of nominal power. Parameter (L) in the obtained best fit correlations is the PSRC

system power load in %.
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system are extracted to run the part-load PSRC system model using
Equations (17) and (18). Fig. 3 presents the maximum obtained cycle
efficiencies, as defined in Equations (9) and (19), from 50% to 100% of
nominal power (i.e., from 806 to 1610 MW,). The PSRC system effi-
ciency ranges from 18% at 50% power load to 36% at 100% power load.
The trend is linear since the rate of heat addition is constant for all power
loads (i.e., reactor is operating at maximum thermal power level).
However, the part-load PSRC system efficiency is higher for all loads,
ranging from 34% at 50% power load to 36% at maximum load. The
difference is less than 2% and mainly due to the decrease of turbine
isentropic efficiency at part-load operations. Moreover, best fit lines are
constructed for both PSRC system efficiency indicators in order to allow
estimating the PSRC system efficiency and the incremental heat rate
required by the whole-system model.

3.3. Performance of thermal energy storage and secondary steam Rankine
cycle systems (discharging mode)

The calculated average amount of stored heat in each TES-SSRC
module is 390 MWhy, (i.e., in all TES-1 and TES-2 tanks). This is
calculated from charging thermal power of 217 MWy, lasting 1 h and the
assumed 90% heat-to-heat charging efficiency for TES-1 and for TES-2.
In this study, it is assumed that 5 TES-SSRC modules are installed.
Therefore, the calculated total amount of stored heat in the 5 modules is
1950 MWhy,.

Results obtained from the efficiency optimisation model of systems
SSRC-1 and SSRC-2 are summarised in Table 6. The temperature-specific
entropy (T-s) diagrams illustrating the thermodynamic processes of
systems SSRC-1 and SSRC-2 are presented in Fig. 4a and Fig. 4b,
respectively. The steam inlet temperature is 132 °C for both cycles.
However, the boiling (i.e., saturation) steam pressure at the TES inlet is
higher for system SSRC-1 since steam is boiled at a temperature of
272 °C, which is 10 °C below the melting temperature of PCM-1. For
system SSRC-2, the maximum temperature is 208 °C and steam is boiled
at 198 °C (saturation pressure of 1490 kPa). System SSRC-1 delivers 57.6
MW, of net electric power, resulting in a cycle efficiency of 30%, while
system SSRC-2 generates 46.3 MWy of electric power at 24% of cycle
efficiency. Although system SSRC-2 efficiency is relatively high, it
operates at low pressure and temperature ranges that are not recom-
mended for steam Rankine cycles. Thus, other working fluids such as
organic fluid will be considered and compared with steam in future
research. The total amount of electrical power from one TES-SSRC
module is 104 MW, which results in 520 MW, output if all 5
installed modules are simultaneously discharging at full rated power
capacity. Hence, the maximum power output of the proposed configu-
ration is 2130 MW, (1610 MW, from the PSRC and 520 MW, from the
SSRCs), which is 32% higher than the nominal PSRC system power
output. The electricity-to-electricity roundtrip efficiency, which is
defined as the amount of electricity generated from all SSRC systems
(520 MWhg)) divided by the amount of electricity that could be gener-
ated from the PSRC system (805 MWh,)) during the TES charging phase
is 64%.

Table 6

Main operating parameters of SSRC systems for 1 h discharging duration.
Parameter SSRC-1 SSRC-2
TES discharging thermal power (MWg,) 195 195
TES steam inlet temperature (°C) 132 132
TES steam outlet temperature (°C) 282 208
TES steam mass flowrate (kg/s) 77.2 77.5
TES steam inlet pressure (kPa) 5680 1490
Condensing pressure (kPa) 10 10
Reheater outlet temperature (°C) 277 203
Net electrical power (MW¢)) 57.6 46.3
Cycle efficiency (%) 29.6 23.7
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3.4. Benefits of flexible nuclear in low-carbon electricity systems

The results of whole system benefit assessment of flexible nuclear
across the two systems considered in this study are shown in Fig. 5 and
Fig. 6, for the North and South systems, respectively. The two systems
are characterised by different shares of wind and solar PV generation
and different seasonal demand variations. The system benefits represent
annualised system cost savings across different scenarios, based on
annualised values for asset investment costs and annual operating costs.
For all cases, system benefits are broken down into various cost com-
ponents, including generation investment, operating cost (OPEX), stor-
age investment, electrolyser investment and hydrogen storage
investment. Note that the system benefits are always expressed per one
flexible nuclear unit (with a PSRC system size of 1610 MWy)), so that in
Scenario D with 5 flexible nuclear units the total system benefit was
divided by 5 (other scenarios only assumed a single flexible nuclear
unit). These benefits can be compared to the costs required to achieve
the enhanced flexibility, i.e., the additional investment cost of TES-SSRC
modules.

The key conclusions from the system benefit results are as follows:

System benefit of flexible nuclear generally consists of multiple
components, indicating that the enhanced flexibility of nuclear
plants can displace alternative flexibility options such as battery and
hydrogen storage with electrolysers, as well as the investment and
operating cost of generation capacity. The compound benefit of nu-
clear flexibility can sometimes have negative components (e.g., the
generation component) due to the reconfiguration of the rest of the
generation mix and changes in its output, but those are more than
offset by positive cost savings in other components.

e The benefit increases with more stringent carbon emission targets,
from £60.1-63.1m/yr with 50 gCO2/kWh to £67.4-74.3m/yr for a
net-zero carbon system.

System values observed in the North system tend to be slightly higher
than in the South system if the TES-SSRC duration is 1 h. This can be
explained by the higher PV and lower wind penetration in the South,
and the need for longer-term flexibility (i.e., over multiple hours) to
compensate for the variability of PV generation when compared to
wind. For the same reason, a higher system value is observed in the
South system with 4-h duration of the TES-SSRC unit.

System benefits diminish with a larger number of nuclear units, so
that with 5 flexible units the benefit per one unit is only about a third
of the benefit achieved by a single unit (but still providing higher
aggregate benefit for all 5 units of flexible nuclear).

Increasing the power-to-energy ratio of SSRC generators for the same
TES size results in significantly higher system benefits, and vice versa,
but on the other hand also increases the cost of the flexible nuclear
assets.

Increasing the cost of battery storage (BESS) results in a marginally
higher benefit of flexible nuclear (£75.1m/yr in the North and
£69.9m/yr in the South), while reducing the uptake of DSR does not
appear to have a material impact on the system value of flexible
nuclear.

Preventing the model to invest into BECCS carbon offsets tends to
reduce the system value of flexible nuclear, which now has to
compete with biomass and hydrogen generation in the counterfac-
tual case, rather than with CCS and CCGT generation combined with
carbon offsets.

Fig. 7 and Fig. 8 show the comparison of system net benefits with an
estimate of the investment cost of enhanced flexibility for the North and
the South systems, respectively. Maroon squared dots in Fig.