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ABSTRACT

The growing penetration of variable renewable sources is shifting the operational paradigm of nuclear power
plants, traditionally operated as baseload generators, with flexible operation becoming fundamental not only
to complement the non-programmability of renewables but also to ensure economic competitiveness.

This study aims at evaluating the flexible operation capabilities of a soluble-boron-free, pressurised water
type Small Modular Reactor (SMR). The traditional load following capability of the power plant, adopting a
reactor-follows-turbine strategy, is compared to the load following by cogeneration mode. For the latter, two
steam extraction points were considered to deliver excess thermal power to a generic non-electric application.
The load following capabilities are assessed by means of a dynamic simulator of the nuclear power plant,
developed in the object-oriented modelling language Modelica within the Dymola simulation environment.
Specifically, the dynamic models of the SMR and the power conversion system are used to test the system’s
response to variable load demands. Moreover, a control strategy based on a decentralised feedback approach,
with control and process variables paired with the support of the relative gain array technique, is proposed to
meet grid requirements.

Results demonstrate that both traditional and load following by cogeneration can effectively meet variable
demands using the proposed control strategy. Cogeneration mode improves cycle efficiency by using the
extracted heat as a valuable output while keeping the reactor at rated conditions. In particular, a higher
efficiency is achieved when extracting low-temperature steam, with a power loss factor of 0.32 compared to
0.46 for high-temperature extraction. The transient simulation confirms that load following by cogeneration
can meet grid requirements by limiting frequency deviations to less than 40 mHz, compared to the 60 mHz
in conventional load following, without the need to modulate the core power through external reactivity
insertions.

In conclusion, the findings of this study suggest that load following by cogeneration could be a viable
solution to meet the increasing flexibility requirements while reducing solicitations to the reactor’s primary
loop. The proposed dynamic model could be extended to simulate the response of a comprehensive nuclear
hybrid energy system, including the dynamics of the coupled cogeneration systems, to explore the overall
system’s response in different scenarios.

1. Introduction

Global warming is driving a radical transformation of the energy

challenges for power system security and grid stability (Mlilo et al.,
2021). These challenges arise from the intermittent nature and inherent
uncertainties of renewable energy generation, which depends on envi-

system, accelerating the transition from conventional fossil-fuelled gen-
erators to low-carbon energy sources like variable renewable energy
(VRE), such as wind and solar power. According to the International
Energy Agency (IEA), the global share of electricity generated by VRE
has surged from 0.5% in 2004 to 15.4% in 2024 (IEA, 2024). Despite
the undeniable benefits related to greenhouse gas emission reduction,
the growing penetration of VRE into the energy mix poses significant

ronmental conditions and is not programmable to match load demands.
As a result, the imbalance between power supply and demand may
lead to perturbations in grid frequency, potentially causing instabilities,
blackouts, and system failures (Mlilo et al.,, 2021). To ensure grid
stability, it is crucial to complement VRE with energy storage devices
and dispatchable backup power stations, such as gas-fired plants, which
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can significantly impact overall system costs (Nuclear Energy Agency,
2019).

Nuclear power, a dispatchable and low-carbon energy source, rep-
resents a promising solution to support the expanding deployment of
VRE by participating in grid frequency regulation and contributing
to the decarbonisation of the energy system (Nuclear Energy Agency,
2019). Traditionally, nuclear power plants (NPPs) have been oper-
ated as baseload generators, providing power steadily at their rated
capacity regardless of grid demands, due to several technical and
economic advantages of this operational mode (Jenkins et al., 2018).
Running NPPs as baseload generators simplifies operational procedures,
allowing them to work continuously at optimal performance levels
with minimal operator intervention. From an economic standpoint,
this operational mode is beneficial because nuclear plants have high
fixed costs but low marginal costs, making baseload operation more
cost-effective. Moreover, maintaining the reactor at nominal conditions
minimises wear and tear on components, whereas frequent power
adjustments can induce thermo-mechanical stresses, accelerating the
ageing of critical equipment (IAEA, 2018).

However, NPPs can also operate in a load following mode, providing
flexibility to the electrical grid, as demonstrated by the operational
experience of the French nuclear fleet (IAEA, 2018). During flexible
operation, the reactor’s power is adjusted in response to grid demands,
which can fluctuate significantly due to varying load requirements and
the unpredictable generation of VRE. However, the flexibility of NPPs is
limited by several technical constraints, including fuel integrity, fission
product poisoning, and axial power distribution distortions caused by
control rod insertions (Ponciroli et al., 2017). For this reason, to ensure
the safe operation of the NPP, regulatory authorities set constraints on
flexible operations, such as ramp rates, allowed power variations, and
the number of load cycles. Currently, reactors are designed to perform
power rampings at 5% of rated thermal power per minute and can
operate continuously within a range of 50% to 100% capacity, with
power variations limited to twice per day (Nuclear Energy Agency,
2021). As the penetration of VRE increases, the ability of NPPs to op-
erate flexibly becomes increasingly valuable, enhancing their economic
competitiveness in the electricity market (Jenkins et al., 2018).

The need for flexible operation can be combined with the benefits
of running a reactor at nominal conditions by adopting a load fol-
lowing cogeneration mode (Locatelli et al., 2017). In this approach,
the thermal power generated by the reactor is flexibly allocated either
for electricity production or to drive non-electric applications. These
applications could include industrial processes such as hydrogen pro-
duction or desalination, representing an alternative energy consumer
beyond the electrical grid. This operational mode becomes applica-
ble in so-called nuclear hybrid energy systems (NHES), where the
nuclear power plant is coupled with other energy sources, such as
VRE, energy storage devices, and both electrical and thermal power-
consuming processes (IAEA, 2023). By diverting the power generated
by the reactor to various end-users based on thermal and electrical load
demands as well as market conditions, NHES allow for a highly flexible
operation. This approach not only enhances grid stability but also
increases revenue streams by gaining access to the markets associated
with the diverse industrial products supplied by the system, improving
the overall economic performance (IAEA, 2023).

Small Modular Reactors (SMRs), characterised by an electric ca-
pacity typically below 300 MW, are particularly well-suited for in-
tegration into NHES due to their smaller source term and lower ther-
mal power output, allowing them to be located closer to heat con-
sumers (IAEA, 2023). Additionally, the flexibility of SMR-based nuclear
power plants is enhanced by their multi-modular design, which allows
for scalable energy production and the ability to coordinate module
operations to meet the varying demands of both the grid and indus-
trial users. In addition, the smaller size of SMRs makes them strong
candidates to replace fossil-fuelled power stations, which typically
have similar capacities. However, the technical limitations on flexible
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operation within the nuclear reactor core that affect larger reactors still
persist in SMRs. Ongoing research into innovative SMR concepts, such
as those employing accident-tolerant fuel or passive reactivity control
systems, attempts to address these challenges to enable the reactor core
to withstand more severe power fluctuations (IAEA, 2017).

The load following capabilities of NPPs have been extensively stud-
ied in recent research. For instance, Zhang and Jiang (2024) provided
a comprehensive overview of the load following potential of various
SMR designs and in different applications, identifying key areas that
require further investigation, such as the long-term effects of operating
in load following mode and the optimisation of plant architecture
and operations to meet the required flexibility. Ponciroli et al. (2015)
explored the possible participation of the lead-cooled fast reactor AL-
FRED in frequency regulation. The authors proposed a control strategy
that allows the reactor to meet variable load demands and regulate
frequency by diverting excess steam through a bypass valve while
keeping the reactor at nominal conditions. This strategy was evaluated
using a dynamic model of the NPP, developed in the object-oriented
modelling language Modelica, to assess the impact on the primary side
operations. The study demonstrated that the proposed strategy could
rapidly adjust the NPP’s power output to meet grid requirements with
minimal impact on the core’s operating conditions. For pressurised
water reactor (PWR)-type SMRs, recent studies have focused on the
effects of multi-modularity on flexible operation. Sabir et al. (2021)
and Boudot et al. (2022) demonstrated that coordinating the operation
of multiple SMR modules at a single site could positively impact power
control and frequency regulation. Innovative reactivity control methods
were investigated by Abdelhameed et al. (2018), who assessed the pas-
sive load following capabilities of a soluble-boron-free (SBF) SMR. Due
to the strongly negative moderator temperature feedback coefficient
in this reactor design, the authors found that the reactor could adapt
to load demands without external reactivity insertions, relying solely
on intrinsic reactivity feedback mechanisms to modulate its thermal
power.

Concerning the potential coupling with non-electric applications
and the integration into NHES to manage variable load demands, Lo-
catelli et al. (2017) examined the technical and economic feasibility
of coupling different cogeneration technologies with nuclear reactors,
emphasising the importance of flexibility in non-electric applications,
along with other requirements, as key factors for enabling load fol-
lowing by cogeneration. Moreover, Dong et al. (2021) investigated
the flexible operation of an NPP coupled into an NHES, showing that
surplus power may be effectively allocated to a desalination plant to
follow grid requirements, enabling the reactor to operate at nominal
conditions.

Current research initiatives are exploring the hybrid operations of
SMRs within integrated energy systems, examining various aspects,
including their flexibility. For instance, the Integrated Energy System
(IES) program led by Idaho National Laboratory (Bragg-Sitton et al.,
2020) and the Euratom-funded TANDEM (Small Modular ReacT or for a
European sAfe aNd Decarbonised Energy Mix) project (Vaglio-Gaudard
et al., 2024) are developing tools to analyse NHES from various stand-
points, including technical viability, economic competitiveness, and
safety, while also performing assessments of optimised hybrid system
architectures and operational strategies.

This work presents a possible strategy to perform load following
by cogeneration with a PWR-type SMR. To support this analysis, a
dynamic simulator of the reactor and its power conversion system has
been developed in the object-oriented modelling language Modelica.
The simulator is employed to evaluate the plant capabilities for flex-
ible operation, with a particular emphasis on the balance of plant
operation and control required to meet variable load demands. The
primary goal is to assess the system’s flexibility in both traditional
load following and load following by cogeneration, taking into account
two steam extraction points for the latter mode. The two operational
modes are compared to identify potential advantages and challenges
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Fig. 1. Flowchart summarising the overall scope of the study.

that might arise when exploiting the coupling with non-electric ap-
plications to enhance the flexibility of the power plant. For this kind
of analysis, a detailed representation of the steam cycle dynamics
plays a fundamental role. It supports the investigation of different
interfaces with the cogeneration system, which might affect the overall
efficiency and the viability of retrofitting a steam cycle conceived
for electricity generation for combined heat and power production,
for instance. Despite employing a standard approach for deriving the
control strategy, the novelty of this work lies in the analysis of control
strategies specifically tailored to load following by cogeneration mode
for a soluble-boron-free, pressurised-water-based SMR. Independent
control loops are proposed to ensure that the power plant can effec-
tively respond to varying load demands while maintaining both the
reactor and the steam cycle within the permitted operational limits.
The study also introduces a comprehensive dynamic simulator of the
steam cycle, based on a one-dimensional modelling approach for key
components such as heat exchangers, underscoring its importance for
the investigation of cogeneration applications. Ultimately, the goal of
this research is to assess the potential role of nuclear power plants in
providing dispatchable power, as well as the implications of integrating
the reactor with non-electric applications, as in the case of an NHES.
The paper is organised following the flowchart summarising the scope
of the study shown in Fig. 1. The next section introduces the dynamic
models of the nuclear reactor and its balance of plant, assembled
into the overall NPP simulator. Section 3 presents the control scheme
regulating the NPP operation in the various configurations, designed
using the relative gain array technique applied to a linearised version of
the simulator. Finally, Section 4 discusses the results obtained from the
simulator, focusing on off-design performance and transient behaviour.

2. Dynamic models

The dynamic simulator of the NPP has been developed in the object-
oriented modelling language Modelica within the Dymola simulation
environment. Modelica, as an object-oriented and acausal language,
features a high degree of modelling flexibility, allowing to connect
interchangeable models without requiring predefined inputs and out-
puts (Mattsson and Elmqvist, 1998). As a result, it is possible to build
models of complex engineering systems, such as NHES, using a plug-
and-play philosophy (Masotti et al., 2023). This approach involves
developing each submodel separately or retrieving them from existing
libraries, and then coupling them with each other through dedicated
interfaces. Consequently, this method enhances the reusability of mod-
els for various applications and scenarios, allowing the same models to
be employed in different contexts with minimal modification.

This work heavily relies on this modelling strategy by leveraging
models available in existing open-source libraries. Specifically, the sim-
ulator was constructed using the nuclear steam supply system (NSSS)
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Table 1

E-SMR module design parameters (Lansou et al., 2023).
Parameter Value Unit
Nominal thermal power 540 MW,
Nominal electrical power 170 MW,
Primary coolant pressure 150 bar
Core inlet temperature 300 °C
Core outlet temperature 324.5 °C
Steam pressure 45 bar
Feedwater inlet temperature 163 °C
Steam outlet temperature 300 °C

and balance of plant (BOP) models provided by the TANDEM Modelica
library (Simonini et al., 2024a). The TANDEM library was developed as
part of the homonymous Euratom project, which aims to evaluate the
potential integration of SMRs into NHES (Vaglio-Gaudard et al., 2024).
A key objective of the project is to deliver a methodology and tools that
support a holistic analysis of NHES. Among these tools, the TANDEM
Modelica library collects a wide range of models representing potential
NHES components. These components can be assembled according
to user requirements to create a comprehensive NHES simulator, en-
abling the assessment of system dynamics in various scenarios. It is
important to note that the TANDEM library itself is built on several
open-source external libraries, such as ThermoPower (Casella and Leva,
2006) and ThermoSysPro (El Hefni and Bouskela, 2019). These li-
braries provide the fundamental classes (e.g., tubes, sensors, thermal
and fluid connectors) on which the hybrid system component models
are based. Specifically, the models presented in this work rely on
components derived from the Modelica Standard Library (v4.0.0) and
the ThermoPower library, which collects models to simulate thermal
power plants and power conversion systems. In particular, the water
properties available in the Modelica Standard Library are employed,
valid for single- and two-phase flow conditions.

The following sections provide a brief overview of the NSSS and
BOP models employed in this work, along with the key underlying
assumptions. For a more detailed description of the models, the reader
can refer to the TANDEM library documentation (Simonini et al.,
2024b) and to previous studies based on equivalent NSSS and BOP
models (Masotti et al., 2024a,b,c).

2.1. Nuclear steam supply system

The reference nuclear technology considered in this work is a PWR-
type SMR. In particular, the dynamic model is based on the European
SMR (E-SMR) conceptual design, proposed within the framework of
the Euratom ELSMOR project (Lansou et al., 2023). This project de-
livered a database containing the operational and geometrical data
for the E-SMR. In this study, a single E-SMR module was considered,
characterised by the operating conditions outlined in Table 1, without
accounting for the potential interactions of a multi-module power
plant configuration. As an integral PWR-type reactor, all primary loop
components—including the core, pressuriser, steam generators, and
reactor coolant pumps—are housed within the reactor pressure vessel.

The Modelica model of the NSSS is shown in Fig. 2. In this reactor
configuration, the primary coolant is heated by fission power in the
core and flows through the riser to the upper plenum. The latter is
connected to the pressuriser, which plays a fundamental role in con-
trolling the primary coolant pressure, ensuring that the fluid remains in
a liquid state. The coolant then flows to six compact steam generators,
which transfer thermal power to the power conversion system. In the E-
SMR design, the steam generators are located above six reactor coolant
pumps that force the flow back to the core inlet via a downcomer and
lower plenum. Additionally, a small fraction of the flow is redirected
to bypass channels for the steam generators and the core.

The components described above can be identified in the model
shown in Fig. 2. Modelica’s object-oriented modelling features were
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Fig. 2. Dynamic model of the NSSS.

exploited to independently develop the reactor-specific components,
i.e., the core, pressuriser, and steam generators, and then integrate
them with existing components from the ThermoPower library using a
plug-and-play approach. This NSSS model is available in the TANDEM
library, and its dynamic behaviour has been verified by benchmarking
the simulation results against a second, independently developed NSSS
model using the ThermoSysPro library (Simonini et al., 2024b).

The NSSS model is based on the following key modelling assump-
tions:

» Thermal Hydraulics: The components representing the primary
coolant flow stem from ThermoPower’s Water package. A one-
dimensional finite volume approach, implemented in the
F1luid1DFV component, is used to model the fluid flow through
the riser, downcomer, and bypass channels. For the upper and
lower plena, as well as the steam generator outlet plenum, a
closed volume model is employed. The behaviour of the reactor
coolant pumps is simulated using the ThermoPower Pump com-
ponent, which is based on a characteristic performance curve.
An exhaustive description of the modelling strategy and main
underlying assumptions of ThermoPower components is available
in the library documentation (Casella and Leva, 2006).
Core: The core component is composed of three submodels rep-
resenting neutronics, fuel thermal behaviour, and coolant flow
through the core subchannels (Masotti et al., 2023). The neutron-
ics model relies on point kinetics equations to calculate the fission
power generated in the core, with reactivity changes driven by
Doppler and moderator temperature feedback, Xenon poisoning,
and external reactivity insertions, e.g., through control rod dis-
placements. The fuel thermal model applies the time-dependent,
one-dimensional heat equation to the fuel rods, divided into fuel,
gap, and cladding regions. A user-defined radial and axial discreti-
sation allows for the estimation of the temperature distribution
within the fuel. Moreover, the coolant flow through the core’s
subchannels is modelled using a one-dimensional finite volume
approach, consistent with the thermal hydraulic model of the
primary loop, and accounts for thermal power exchange with the
fuel rods through a dedicated connector.
* Pressuriser: A simplified approach is adopted for the pressuriser
model, based on the assumption of equilibrium between the

vapour and liquid phases. Although this approach involves a loss
of physical accuracy, it has been found sufficiently accurate for
estimating primary pressure dynamics within the scope of this
NSSS simulator (Masotti et al., 2025).

Steam Generator: As illustrated in Fig. 3, the steam generator
model is build by assembling components from the ThermoPower
library with geometrical parameters tailored to the specific steam
generator design. The ELSMOR database provides the parame-
ters for a printed circuit heat exchanger design with a rectan-
gular channel cross-section, chosen for its high power density
and compactness, making them well suited for SMRs. The Ther-
moPower F1ow1DFV component is used to simulate the coolant
flow through the primary and secondary side channels, which are
thermally coupled via a component representing the metal wall’s
thermal resistance and inertia, as well as another component
accounting for counter-current flow behaviour (Masotti et al.,
2023). Both components are part of the ThermoPower Thermal
package. In the reactor’s normal operation, the six compact steam
generators function in parallel, and they are modelled collectively
as a single steam generator, assuming an equivalent behaviour for
each heat exchanger.

The NSSS model encompasses several sensor and actuator signals,
shown in yellow and green, respectively, to facilitate the connection
with NSSS controllers. These controllers are intended to adjust the
reactor’s operation to meet varying demands while keeping critical
process variables within operational limits. The control system selected
in the dynamic simulator is presented in Section 3.

It is worth noting that plug-and-play modelling approach is enabled
by connectors representing the interface between two independent
models. In the case of the NSSS, ThermoPower’s Flange components
are used to exchange the feedwater inlet and steam outlet conditions—
specifically mass flow rate, enthalpy, and pressure—with the BOP
model. This approach allows the NSSS model to be easily coupled with
different BOP models and configurations, enabling users to select the
most suitable architecture for their specific objectives and applications.
This flexibility is a key strength of the Modelica language, which allows
for the straightforward integration of models, enabling the construction
of highly interconnected energy systems such as NHES (Masotti et al.,
2023).
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2.2. Balance of plant

The BOP architecture considered in this study was developed within
the framework of the TANDEM project, tailoring it to the E-SMR
operating conditions. It encompasses representative components rather
than a more detailed configuration (e.g., single high- and low-pressure
preheaters instead of multiple heat exchangers in series). Within this
project, the operational points for the steam cycle were determined
by optimising the plant’s full-power conditions using the CYCLOP
tool (Haubensack et al., 2004), assuming electricity-only production
and no steam extraction for cogeneration purposes. The CYCLOP tool
was developed by CEA for the optimisation of nominal design points in
power conversion systems. However, it does not support the simulation
of off-design conditions or transient behaviours. For such analyses, the
Modelica-based simulator of the system, built starting from the archi-
tecture and the operational points obtained with CYCLOP, represents a
suitable tool.

2.2.1. BOP architecture

The reference layout is shown in Fig. 4. The steam produced by
the NSSS steam generator is directed to the turbine line through the
turbine governing valve, represented by the high-pressure control valve
(HP-CV). In addition, a small portion of the steam flow is diverted
through a dedicated reheater admission valve (RH-AV) to power the
reheater, which is positioned between the high- and low-pressure stages
of the turbine. The flow exiting the high-pressure turbine stage (HP-
Turbine) is partially routed to a high-pressure preheater to increase the
feedwater’s temperature entering the steam generator. The remaining
part of the flow enters the low-pressure turbine (LP-Turbine) stage
after passing through an intermediate pressure control valve (IP-CV),
a moisture separator, and the reheater. The liquid drained by the
moisture separator is discharged into a feedwater tank, together with
the flow at the reheater’s hot side outlet, which is regulated by a
dedicated control valve (RH-CV). A second steam extraction from the
LP-Turbine, governed by a low-pressure control valve (LP-CV), drives a
low-pressure preheater (LP-Preheater). The condensate from the high-
pressure and low-pressure preheaters is directed into the feedwater tank
and the condenser, respectively, through control valves (HPPH-CV and
LPPH-CV). The preheaters, as well as the reheater, are modelled as shell
and tube heat exchangers, sized according to the nominal operating
conditions in terms of exchanged power and temperature levels. Fur-
thermore, the flow in the feedwater line is governed by a high-pressure
and a low-pressure pump together with two control valves (SG-CV and
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FWT-CV). It is worth noting that the only control valve present in
the original CYCLOP architecture is the HP-Turbine admission valve
(HP-CV), whereas additional control valves (e.g., HPPH-CV, LPPH-CV,
RH-AV, RH-CV, etc.) were included in this study to facilitate the testing
of different control strategies for the BOP during flexible operation.

Fig. 4 highlights the two extraction points considered for the load
following by cogeneration operational mode. Generally, the choice of
the steam extraction point depends on the requirements of the non-
electric application, with high-quality heat enabling the coupling with
a wider range of industrial process, but at a higher cost in terms
of impact on BOP performances (Masotti et al., 2024d). At the first
extraction point, high-pressure and high-temperature steam (45 bar,
300 °C), extracted at the steam generator outlet, is delivered to the
non-electric application. This temperature level is particularly suitable
for the production of industrial process steam, e.g., for the pulp and
paper industry or for petroleum refining (IAEA, 2017). On the other
hand, steam at a lower temperature (7.547 bar, 168 °C) is extracted at
the HP-Turbine outlet and can be effectively used to drive applications
requiring moderate heat temperatures, such as district heating and
thermal desalination processes (IAEA, 2017). In both cases, the steam
condenses to saturated liquid conditions by transferring power to the
cogeneration system and is then reinjected in the steam cycle’s feed-
water tank. This return point enhances the overall cycle performance,
as mixing the condensate in the feedwater tank allows to recover the
energy of the flow rather than discharging it in the condenser (Masotti
et al., 2024d). The optimised BOP architecture represented a fundamen-
tal starting point for the development of the corresponding dynamic
model in the Modelica language.

2.2.2. BOP dynamic model

The dynamic model in Modelica of the BOP architecture, as de-
scribed in the previous section, is shown in Fig. 5. In light of the
objective of testing an architecture and corresponding control strat-
egy tailored for load following by cogeneration operation, this model
includes the aforementioned additional control valves compared to
the original CYCLOP layout. These valves facilitate the control of the
plant’s operation and the management of multiple steam extraction and
return points, supporting the integration between the BOP and non-
electric applications with varying heat requirements, e.g., in terms of
temperatures. Moreover, the model accounts for pressure drops based
on the preliminary sizing of shell and tube heat exchangers, as opposed
to the original value of 0.4 bar used in CYCLOP (Simonini et al., 2024b).
These modifications result in discrepancies in pressure levels between
the reference layout and the dynamic model, particularly affecting the
pumps’ nominal heads, turbine inlet pressures, and, consequently, the
BOP power output.

The BOP model strongly relies on components from the Ther-
moPower library, particularly from the Water package. Components
modified or developed specifically for this application include the
turbine (by extending the available model), the moisture separator and
feedwater tank (specifically developed), and the heat exchangers (built
upon existing components). On the other hand, the valve, pressure
drop, mixing volume, pump, condenser, and generator models are
obtained from the ThermoPower library.

The turbine model is an extension of ThermoPower’s
SteamTurbineStodola component, which is based on Stodola’s
ellipse law. This law establishes a relationship between the turbine’s
mass flow rate and the pressure ratio through the Stodola coefficient
K, (Cooke, 1984):

. 2
m:
in_ _ Kx 1-— <paut> 6
PinPin Din

This law is used to model the off-design behaviour of steam tur-
bines (Cooke, 1984), which is crucial for both load following and
load following by cogeneration modes when the BOP operates under
partial load conditions. To account for variations in irreversible losses
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during off-design conditions, a variable isentropic efficiency law has
been included in ThermoPower’s SteamTurbineStodola compo-
nent. Specifically, the nominal isentropic efficiency, »/", set at 0.9
for the HP-Turbine and 0.89 for the LP-Turbine stages, is corrected to
reflect wetness losses and the effects of partial flow conditions. As for
the former, Baumann’s rule is applied to correct the efficiency based on

the average steam wetness (Baumann, 1912):
fiso =Mo" (1= (1 = x,)Cp) (@)

where x,, represents the average steam quality and Cp is the Baumann
coefficient, which is assumed to be unity (Baumann, 1912). Addition-
ally, the effect of variations in mass flow rate on efficiency has been
corrected using the following empirical law:

N
n[lw:,,f;;'"<1-a<1—mm >> 3)

with @ = 0.14 and ¢ = 1.4. The moisture separator is used to remove
liquid water from wet steam, as the water may compromise the effi-
ciency of the power conversion system and even damage the turbine.
This component is modelled as an ideal static separator based on mass
and energy balance equations, complemented by the following closure
relation (Masotti et al., 2023):

. dry — et
out = Min X IMS ()]

3

where x is the quality of the flow entering the steam dryer and 7,
denotes the separation efficiency. As a result, the model computes the
liquid water mass flow rate removed from the steam flow directed
to the LP-Turbine. Dynamic mass and energy balance equations for
a closed volume were implemented to model the feedwater tank be-
haviour. Given the variable number of input and output flows, which
strongly depend on the interfaces with non-electric applications, the
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Table 2

Comparison between nominal operating points and Modelica model outcome.
Cycle parameter CYCLOP Modelica Relative

error (%)

Steam generator flow rate (kg/s) 239.68 240.29 0.25
Steam generator outlet temperature (°C) 300 300 0.00
Steam generator inlet temperature (°C) 163 162.98 —-0.01
HP-Turbine inlet pressure (bar) 44 44.04 0.09
HP-Turbine outlet pressure (bar) 7.547 7.547 0.00
HP-Turbine outlet temperature (°C) 168 168 0.00
LP-Turbine inlet pressure (bar) 6.747 6.35 -5.88
LP-Turbine inlet temperature (°C) 260.44 260.44 0.00
LP-Turbine extraction pressure (bar) 0.801 0.801 0.00
Reheater hot side flow (kg/s) 21.32 21.09 -1.08
HP-Preheater hot side flow (kg/s) 24.51 25.02 2.08
LP-Preheater hot side flow (kg/s) 16.41 16.49 0.49
BOP power output (MW,) 180.96 177.1 -6.27

model allows for flexible adjustment of the number of inflows and
outflows by parametrising the connectors, enabling users to tailor the
system to their specific needs. Lastly, the reheater and the preheaters
were modelled adopting the same structure as the steam generator
model, shown in Fig. 3. The sizing procedure proposed by Kakag
et al. (2020) was implemented to estimate the geometrical parameters
for these shell and tube heat exchangers, incorporating them in the
previously described dynamic model assembled with ThermoPower
components.

Fig. 5 highlights the steam extraction and condensate return points
considered in this case study. They are linked to the ThermoPower
Flange connectors, which can be used for the coupling with the
intermediate heat exchangers representing the interface between the
BOP and the cogeneration system. In the classical load following mode,
i.e., when there is no thermal power extraction to drive the cogener-
ation process, or for the extraction and return points not considered
in this work, depicted by thinner lines in Fig. 5, these connectors are
linked to ideal sinks, enforcing a null mass flow rate exchange.

Before examining the system dynamics and control strategy, the
combined NSSS and BOP dynamic model was tested under steady-
state conditions to verify the consistency of operational points with
the CYCLOP results for full power operation. As shown in Table 2,
the relative error between nominal value and dynamic model outcome
for the most relevant parameters is predominantly lower than 1%.
The most significant discrepancy can be observed in the LP-Turbine
inlet pressure, which is lower compared to the reference value of
CYCLOP. This is related to the aforementioned inclusion of control
valves, which inevitably introduce additional pressure losses, and to
the different pressure drops across the heat exchangers. As a result, the
reduced pressure ratio in the LP-Turbine stages leads to a decrease in
mechanical power produced, as reported in the table’s last row.

In the load following by cogeneration mode, an intermediate heat
exchanger (IHX) is employed to condense the high- and low-temperat-
ure steam. It is modelled as an ideal condenser, computing the amount
of extracted power required to achieve saturated liquid conditions at
hot side outlet. As displayed in Fig. 6, a bypass valve is located at the
IHX outlet to regulate the steam flow through the IHX. In addition, Fig.
6 showcases how the independently developed NSSS and BOP models
can be seamlessly coupled with each other and with costumizable
controllers.

3. Control strategy

To meet variable load demands while maintaining process variables
within operational limits, defining a suitable control strategy is es-
sential. In load following and load following by cogeneration modes,
this strategy is crucial for transitioning from one power state, such
as full power, to partial load conditions and for stabilising the system
thereafter. The implementation of a well-designed control system in the
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BOP architecture provides valuable insights into the flexible operation
capabilities of innovative, boron-free SMR designs like the E-SMR and
into the impact of the load following by cogeneration mode on cycle
performance. It is worth highlighting that this work focuses on a novel
control strategy for the BOP, designed to operate in load following
by cogeneration mode, whereas a conventional regulation scheme is
adopted for the primary side. This approach is driven by licencing
concerns, since any variations from the standard NSSS control mode
need to be strictly regulated. The controllers in this study are designed
to maintain the BOP’s operating points as close as possible to nominal
values, thereby minimising thermo-mechanical stresses on the equip-
ment. Key process variables—such as turbine inlet temperatures, heat
exchanger pressures, and steam generator conditions—are controlled
by dedicated actuators, with the objective to minimise deviations from
setpoints during transients and to reduce the settling time to nominal
values.

The control scheme employed in this work is based on a decen-
tralised feedback control approach, where each process variable is
controlled through a single control variable (Tripodo et al., 2021).
This results in independent control loops for each process variable,
treating the system as a collection of separate single-input-single-output
(SISO) systems, even though it is inherently a multiple-input-multiple-
output (MIMO) system. For this reason, identifying the process-control
variable pairs with the strongest interactions is crucial for minimising
the influence on other control loops. Each control loop in this work is
governed by a proportional-integral-derivative (PID) controller, with
parameters appropriately tuned to achieve the optimal control action.!

The PID calibration was performed employing the PID Tuner appli-
cation in MATLAB’s Control System Toolbox, which allows tuning the
controller’s response in terms of performance and robustness (Masotti
et al., 2023). This tool is designed to calibrate PID parameters for linear
models, while the Modelica models are based on a set of non-linear
differential-algebraic equations (DAE) (Mattsson and Elmqvist, 1998).
However, the Dymola simulation environment includes a linearisation
tool that allows exporting a linearised version of the model as a Linear-
Time-Invariant (LTI) system around its equilibrium condition, which,
in this case, corresponds to full power operation. To assess the loss of
accuracy that occurs when linearising the NSSS and BOP models, the
response of the original dynamic models in Modelica was compared
with the dynamic behaviour predicted by the linearised version of the
model. The results, shown in Figs. 7 and 8, indicate that the response
of the linearised model is in fair agreement with the Modelica model,
demonstrating that it can be effectively used for designing the control
systems for these models. In the proposed BOP simulation, a 5% HP-
CV closure has a minimal impact on the overall operation as a result of
the characteristic equation implemented in ThermoPower’s ValveVap
model, which defines the relationship between the opening coefficient
and the flow conditions.

The control strategy selected for the NSSS and BOP models is
presented in the following sections. As for the former, control strategies
commonly adopted in industry, which are extensively documented
in literature (IAEA, 2018), were implemented. However, due to the
limited availability of information regarding process and control vari-
ables in the power conversion system of an innovative nuclear re-
actor, the most effective control and process variable pairs for the
BOP model were identified using the Relative Gain Array (RGA) tech-
nique. This method quantitatively estimates the interaction between
inputs and outputs, enabling the design of the most suitable control
loops (Ponciroli et al., 2014).

1 Since the derivative action is needed mainly in case of reference signals
varying at high frequency, which is not the case for NPP that are characterised
by higher time constant (Tripodo et al., 2021), PI controllers have been used
in the considered control strategy.
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Fig. 8. Comparison between Modelica model and linear model for a 5% HP-CV closure.

conventional reactors (IAEA, 2018).

In this work, the NSSS controller is designed to maintain the primary As for the pressure control, the error between the

coolant pressure and the average core temperature within the allowed

operational limits, following the typical control strategy adopted in

measured pres-

sure and the setpoint is used to regulate the pressuriser actuators,
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i.e., sprayers and electrical heaters. In particular, when the primary
pressure falls below a given threshold, the electrical heater is activated
according to an on-off control principle. On the other hand, if the
pressure exceeds a certain threshold, water is injected through the
sprayers proportionally to the error between the measured and setpoint
pressures.

A constant average temperature control program was selected for
power control. It consists in regulating the NSSS operation by injecting
reactivity through control rod displacement to keep the average core
temperature close to its nominal value. This control scheme contributes
to the control of the reactor’s thermal power during load follow-
ing operation, consistently with the reactor-follows-turbine principle,
where the core thermal power follows the power removed by the
steam generators. For instance, reducing the electrical power output of
the NPP by closing the turbine admission valve leads to an increase
in the steam generator’s secondary side pressure. This will increase
the average temperature of the evaporating feedwater and, in turn,
reduce the difference from the controlled average primary coolant
temperature. Due to the lower temperature difference between the
primary and secondary sides of the steam generator, the exchanged
power and, consequently, the core power are reduced (IAEA, 2018). In
conventional PWRs recirculation steam generators are adopted, with
the average secondary side temperature closely tied to the pressure
as saturated steam is produced. In contrast, for once-through steam
generator designs as in the E-SMR, the average temperature is sig-
nificantly affected by the levels of subcooling and superheating in
the secondary flow. The constant average temperature program is not
the only possible scheme for reactor control. An alternative approach
would be to keep the secondary pressure constant while regulating
the average temperature or adopt a hybrid approach, coordinating
the secondary pressure and average core temperature variations to
enable larger core power variations and limiting the drawbacks of
the two control strategies. As a matter of fact, each control scheme
has its own advantages and disadvantages, particularly concerning the
thermo-mechanical stresses on both the primary and secondary sides.
A constant average core temperature program minimises temperature
variations in the primary side and reduces pressure variations related to
the expansion and compression of the primary coolant volume. On the
other hand, a sliding average temperature program will reduce pressure
increases on the steam generator’s secondary side and improve power
conversion efficiency (IAEA, 2018).

From a modelling perspective, the constant average temperature
control program was implemented by calibrating a PI controller ac-
cording to the aforementioned procedure. The controller regulates the
external reactivity insertion in the core based on the error between
the measured average temperature and its setpoint, with a deadband
of 0.5 °C (Simonini et al., 2024b).

3.2. BOP control system

One of the primary objectives of the proposed simulator is to
evaluate a control strategy tailored specifically for load following co-
generation mode operation. To achieve this, the simulator is built to
be able to test different steam extraction points in order to assess their
impact on power control, for instance. Additionally, this tool allows
for monitoring critical variables that describe the BOP operation, such
as operating pressures, temperatures, and other relevant indicators,
needed to verify that the operational constraints are always met.

As mentioned earlier, the process-control variable pairs that deter-
mine the BOP control strategy were identified through a RGA anal-
ysis (Bristol, 1966). The latter is applicable only to linear models;
thus, the linearised version of the Modelica model was used. The RGA
analysis provides a quantitative measure of the interactions between
the variable pairs, offering valuable insights for deriving the most effec-
tive control strategy to manage BOP operations. From a mathematical
perspective, the RGA ranking is determined by computing both the
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open-loop and closed-loop gains resulting from a perturbation of an
input »; to a given output y; (Ponciroli et al., 2014). The open-loop gain
g;; is obtained by assessing the variation of y; due to a step variation
of the input u; while maintaining all the other inputs at their nominal
conditions:

(ol)
5yj
ou;

8ji = )
On the other hand, the closed-loop gain 4, is computed by analysing
the same step change of u; on y;, but this time altering the other inputs
to keep all the other outputs constant:
Sy
by = — (6)

I sy

The ratio of these gains forms the RGA matrix, with elements
corresponding to the measure of the interaction of each process-control
variable pair, thereby indicating the ranking for the pairing selection.
The RGA results are shown in Table 3. In general, the closer the
matrix element 4;; is to unity, the stronger the interactions between
the variable pairs, making them more suitable for coupling in an
independent control loop. On the other hand, negative RGA values
should be avoided, as they may lead to gain reversals, resulting in the
opposite effect of the intended control action (Tripodo et al., 2021;
Ponciroli et al., 2014).

The actuators and process variables were selected according to the
requirements of both load following and load following by cogener-
ation. Consequently, the proposed BOP simulator features a higher
number of controlled variables with respect to conventional nuclear
steam cycles. For instance, control actions on the pressure levels and
on the steam generator inlet temperature were introduced. The former
ensures that the saturation pressure of the steam extracted for cogen-
eration remains constant, thereby maintaining a stable heat quality for
non-electric applications. Secondly, the condensate reinjected into the
feedwater line has an impact on the steam generator inlet temperature,
causing significant perturbations in the NSSS operation. This is in
contrast to the load following by cogeneration operational philosophy,
which maintains the reactor as close to its nominal conditions as
possible. Power control is performed indirectly through the regulation
of the grid’s frequency, since any mismatch between the mechanical
power produced by the plant and the load demand results in a deviation
from the 50 Hz setpoint characterising the European grid (ENTSO-
E, 2004). Frequency regulation is divided into primary (PFC) and
secondary frequency control (SFC), corresponding to proportional and
integral control actions, respectively. Since a detailed description of
PFC and SFC goes beyond the scope of this work, a classic PI controller,
tuned through the aforementioned procedure, has been implemented.
The actuators selected for the analysis include the opening of the
valves presented in the BOP layout description as well as the HP- and
LP-Pumps rotational speeds. In order to have a balanced number of
control and process variables, the LPPH-CV has been excluded from the
analysis.

The largest elements of the RGA matrix are highlighted in bold in
Table 3, while the pairs actually selected for the BOP control scheme
are underlined. In general, only a few /;; are close to unity, suggesting
that the control loops are not perfectly independent. Nevertheless, the
RGA’s insights were used to select the pairs with the highest ranking to
design the control scheme.

The grid frequency—and thus the power produced by the BOP—is
controlled through the turbine admission valve opening, as is common
in real-world applications. Additionally, the IP-CV and LP-CV are regu-
lated to control the extracted steam pressures, which is fundamental
for ensuring the required heat quality for the cogeneration systems.
Since these valves are located along the turbine extraction lines, they
can be effectively actuated to regulate pressure, thereby decoupling the
upstream pressure from the downstream pressure, which is primarily
determined by the characteristics of the corresponding turbine stage.
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Table 3
RGA results.
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Process variables Control variables

Variable HP-CV IP-CV LP-CV RH-AV RH-CV SG-CV HPPH-CV FWT-CV HP-Pump LP-Pump
Grid frequency 0.507 0.246 0.093 0.034 0.01 -0.175 —-0.036 0.022 0.091 0.207
SG outlet T 0.274 0.115 0.022 0.001 —-0.494 0.426 0.197 0.019 0.264 0.175
SG inlet T 0.157 0.085 0.009 0.003 —-0.036 -0.05 0.277 0.006 0.492 0.057
LPT inlet T 0.181 —-0.024 0.000 0.611 0.282 —-0.012 —-0.038 —0.001 —-0.014 0.181
Intermediate p 0.029 0.598 —-0.000 0.003 —-0.002 -0.017 0.352 0.007 —-0.031 0.06
Low p 0.024 0.034 0.888 —0.000 —-0.001 -0.0127 0.011 0.005 0.008 0.043
RH p -0.175 —-0.055 —-0.013 0.348 1.239 0.089 -0.195 —-0.012 -0.112 -0.114
FWT p —0.000 0.000 0.000 0.000 0.002 0.000 0.431 0.539 0.028 —-0.000
HPPH p 0.003 0.000 0.000 0.000 —-0.000 0.752 0.001 0.000 0.243 0.000
LPPH p 0.000 —0.000 —0.000 —0.000 0.000 —0.000 —0.000 0.416 0.000 0.584

Another critical variable are the turbine inlet temperatures, which need
to be managed to prevent equipment damage caused by thermal cycles.
In the RGA analysis, the relevant variables are the SG outlet and the
LP-Turbine inlet temperatures. The LP-Turbine inlet temperature is con-
trolled by managing the reheater operation, specifically by controlling
both the shell-side pressure (RH p) and the hot side flow rate through
the RH-CV and RH-AV, respectively. The regulation of these valves
influences the steam flow rate supplied to the reheater’s hot side and,
consequently, the thermal power available for reheating the steam in
the turbine line. For controlling the SG outlet temperature, the HP-
Pump’s rotational speed was selected as the control variable, as the
other potential actuators (HP-CV and SG-CV) were better suited for
pairing with other process variables. This variable directly affects the
feedwater flow, which in turn determines the heat transfer rate on the
SG secondary side. Controlling the steam generator inlet temperature
is particularly important for load following by cogeneration. HPPH-
CV was chosen for this control loop as it allows for adjusting the
extracted steam flow rate and, consequently, the degree of preheating
to increase the feedwater temperature. Finally, the opening and closing
of the two valves in the feedwater line, namely SG-CV and FWT-CV, are
coordinated with variations in pump rotational speed to limit pressure
fluctuations in the preheaters’ tubes and the pump heads.

A sliding pressure load following strategy is implemented, i.e., the
secondary side pressure is free to vary, thereby increasing the sec-
ondary side’s average temperature, during partial load operation. This
operational mode was selected due to the experiences with conven-
tional PWRs, but the innovative once-through steam generator design
of the E-SMR enables also the investigation of novel control strategies,
such as maintaining the secondary side pressure constant and attaining
average temperature variations through changes in the temperature
distribution on the secondary side.

After identifying the pairings, the PID controller of each control
loop was calibrated with MATLAB’s PID Tuner, following the aforemen-
tioned procedure.

3.2.1. Load following by cogeneration controllers

It is worth mentioning that the previously described controller
design was performed for the BOP configuration without any steam
extraction points for cogeneration. In order to have a comparable
system, an equivalent control strategy with the same controllers was
implemented for the load following by cogeneration architectures,
encompassing also the IHX for steam condensation.

For high-temperature (HT) cogeneration, the BOP operation is reg-
ulated using the same controller presented in the previous section. In
addition, the bypass valve at the IHX outlet, shown in Fig. 6, which
regulates the steam extraction to the cogeneration system, is controlled
to maintain the steam generator pressure at its nominal value. As a
result, and considering that also the feedwater and steam tempera-
tures are controlled, the temperature difference between the steam
generator’s primary and secondary sides remains constant, keeping the
reactor’s power at its rated conditions in line with the load following
by cogeneration philosophy.

10

In the case of low-temperature (LT) cogeneration, a similar ap-
proach is applied to simulate the load following capabilities by ex-
tracting steam at the HP-Turbine outlet. In this configuration, the
HP-Turbine operation remains unchanged, and frequency regulation is
performed by the IP-CV, regulating the flow entering the LP-Turbine.
The bypass valve opening is adjusted to ensure that the steam extrac-
tion pressure remains at its nominal level. Since the task of power
control has shifted to the IP-CV, the HP-CV is now used to maintain
the steam generator pressure stable, ensuring steady reactor power as
in the previous configuration.

4. Results
4.1. Performance analysis

In this section, the cycle performance between classical load fol-
lowing and load following by cogeneration is compared. The analysis
is based on slow power ramps to isolate the system’s response from
dynamic effects.

The behaviour in the case of classical load following is illustrated in
Fig. 9. From the left-hand side of the figure, it can be observed how the
reactor’s power is reduced during partial load operation; for instance,
the reactor follows a load reduction of 50% by decreasing its power by
about 40%. This results in a drop in cycle efficiency under off-design
conditions, as shown on the right-hand side of Fig. 9.

The performance in terms of efficiency shows a notable improve-
ment in the load following by cogeneration configurations, where
the thermal power extracted to reduce the electrical power output is
considered a valuable output of the steam cycle. In this case, the total
efficiency can be defined as:

Pel + Qcog

QNSSS

(7)

where the extracted thermal power Q,,, is zero in the case of clas-
sical load following. Moreover, one of the key advantages of load
following by cogeneration is the ability to maintain the reactor at
rated conditions, i.e., keeping Oy ¢y constant. To assess the impact
of increasing thermal power delivered to non-electric applications on
cycle performance, the bypass valve regulating steam extraction is
gradually opened up to a 100 MWy, extraction. The resulting cycle
efficiency is shown on the right-hand side of Fig. 10, exhibiting a
linear increase with rising extracted thermal power. This behaviour is
driven by the significantly higher contribution of Q,,, to the overall
efficiency compared to the electrical power output P,;, as the direct
use of thermal power reduces conversion losses. Moreover, according
to the results reported in Fig. 10, extracting power at the HP-Turbine
outlet leads to higher efficiencies compared to the HT extraction. The
impact of steam extraction on power conversion performance can be
quantitatively estimated by the power loss factor g, defined as:

AP,

8
0oy (8

p=
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where AP, is the reduction in electrical power output due to the
extraction of the thermal power Q,,,. For LT extraction, § is 0.32,
whereas it increases to 0.46 for HT extraction. This behaviour can be
explained by the higher electrical power output for the same extracted
thermal power in the LT case, as displayed on the left-hand side of Fig.
10. This is partly due to the fact that the HP-Turbine operation remains
mostly unaffected in the LT extraction case, thereby reducing losses
arising from off-design operation (Masotti et al., 2024d). However, it is
important to note that the main driver for the selection of the steam ex-
traction point for cogeneration purposes is the temperature requirement
of the non-electric application rather than the cycle efficiency.

4.2. Transient analysis

The proposed control scheme is tested by investigating its response
to a variable load demand, represented by the black dashed line in Fig.
11. The transient starts from nominal conditions, and after 6 min, a
15% ramp-down at a rate of 5%/min is imposed. Following that, a 10%
ramp-up at the same rate is performed, stabilising at a final load of 95%
rated power. It is worth highlighting that this is just an illustrative load
profile, selected with the objective of testing the system response to
typical flexibility requirements. The power variations were limited to
15% of the nominal power output since larger power variations would
require thermal power extractions going beyond the maximal value of
100 MWy, in the load following by cogeneration case. From a modelling
perspective, the power demand is imposed as an external load. The
mismatch between the latter absorbed power and the power supplied
by the NPP leads to frequency variations, which are used to control
the BOP operation, as described in Section 3. Moreover, the same load

11

Extracted power (MW¢p)

load following operation by cogeneration.

profile is imposed to test the system operating in the classical load
following (LF) mode and in the case of flexible operation facilitated
by steam extraction to drive cogeneration systems, both HT and LT, to
compare the system’s response.

The simulation outcome in terms of BOP mechanical power re-
sponse for the three case studies is shown in Fig. 11. It can be observed
that each configuration is able to quickly adjust its power output to
meet grid demands. Furthermore, the simulation results in terms of
frequency are displayed on the right-hand side of Fig. 11. It is worth
highlighting that this variable is effectively controlled near its setpoint
value of 50 Hz in both conventional and cogeneration-supported load
following modes, with the latter showcasing smaller frequency devia-
tions (<40 mHz) compared to the classical load following case (around
55 mHz) throughout the ramps. However, to achieve a more accurate
prediction of the grid frequency response to mismatches between power
demand and supply a more thorough representation of the electrical
part of the system, as well as a more accurate modelling of PFC and
SFC, would be required.

In the case of load following by cogeneration, the electrical power
output of the plant is reduced by extracting steam and condensing it in
an [HX, allocating a larger fraction of the thermal power produced by
the reactor to the non-electric application rather than for power con-
version. The power profiles extracted to meet the required load demand
are illustrated in Fig. 12. Notably, the same mechanical power output is
achieved by extracting a significantly higher amount of thermal power
in the LT extraction configuration due to its higher efficiency. The
ramp-wise power variation translates into a linear profile of extracted
thermal power. As depicted in Fig. 12, the cogeneration power takes
several minutes to settle at a stable operational point (which can be
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also derived from the performance maps in Fig. 10) due to the dynamic
and inertial effects of the cycle. It is worth mentioning that industrial
plants generally require a steady thermal power input to drive their
processes rather than a variable profile that is complementary to the
electrical power output. Therefore, it might be worthwhile to imple-
ment solutions to ensure a stable heat supply, e.g., by integrating a
thermal energy storage system to decouple the NPP flexible operation
from the cogeneration system requirements (Novotny et al., 2024).

As for the SMR response, the behaviour in terms of core thermal
power is proposed in Fig. 13. Consistently with the reactor-follows-
turbine operational mode, in the classical load following case, fission
power is modulated following the load demand, decreasing to 480
MWy, after the 15% load reduction and increasing to about 520 MWy,
after the ramp-up. These values at which the system stabilises are
consistent with the operational profiles shown in Fig. 9, presented in
the previous section. A significant power undershoot and overshoot is
present at the end of the ramps, attributable to the strong moderator
temperature feedback and to the external reactivity injected into the
core to ensure that the average core temperature remains within the
allowed operational limits. In contrast, the load following by cogener-
ation configurations are characterised by negligible variations in NSSS
power, with only minor fluctuations arising from perturbations on the
BOP side, particularly in the LT extraction configuration.

The viability of maintaining the reactor at its nominal condition dur-
ing load following by cogeneration can be appreciated when comparing
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Fig. 13. NSSS power.

the behaviour of the system’s reactivity in the various configurations.
As illustrated in Fig. 14, the total reactivity exhibits a notably higher
variability in the case of classical load following. The latter is driven by
external reactivity insertion through control rod displacement, which is
not required in the load following by cogeneration mode.

The reactivity contributions in the classical load following case,
shown on the right-hand side of Fig. 14, emphasise the requirement
for external reactivity adjustments to compensate for the temperature
feedback effects resulting from the variations of power exchanged with
the BOP. In particular, considering the constant average core tempera-
ture control program implemented in this work, the external reactivity
insertion is regulated to keep the average temperature within the
allowed limits. Fig. 15 shows that the latter process variable changes by
about 0.75 °C after the ramp-down, exceeding the acceptable deviation
of 0.5 °C. As a result, the NSSS control system injects the required
external reactivity into the core, lowering the average temperature
below the dead band’s upper limit. For the second ramp, the power
variation is mainly driven by reactivity feedback mechanisms, with a
relatively smaller variation in control rods position to keep the average
temperature within the allowed operational range. On the other hand,
in the case of load following by cogeneration, the average core temper-
ature remains stable without the need for any external intervention,
demonstrating the advantage of this approach in maintaining nominal
reactor conditions.

The limited control rod displacements during ramp-wise power vari-
ations, even in classical load following scenarios, is a consequence of
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the strongly negative moderator feedback coefficient that characterises
SBF reactors like the E-SMR. Fig. 16 shows the impact of this feature
on the flexible operation of the nuclear reactor, comparing the classical
load following operation with an average temperature controller and
passive load following operation (i.e., driven exclusively by reactivity
feedback). The comparison includes both the E-SMR moderator tem-
perature feedback coefficient of —60 pcm/K and that for a typical
large-scale PWR with boron diluted in the primary coolant, which is
around —8 pcm/K at the beginning-of-cycle (Duderstadt and Hamilton,
1976). The results demonstrate that passive load following is not possi-
ble with diluted boron since the slower power response translates into
a significant variation in the average core temperature. On the other
hand, the temperature deviation is significantly reduced under SBF
conditions, which results into the need for moderate external reactivity
insertions for reactor control. Furthermore, SBF reactors provide a
number of benefits for system design and operation, such as lowering
the final volume of effluent and the corrosive effects of boric acid,
as well as improved safety features owing to the strongly negative
moderator temperature feedback. Despite these advantages in terms of
safety and flexible operation, drawbacks of SBF designs must be ac-
counted for as well, such as the challenge of managing excess reactivity,
which needs to be addressed through the use of burnable poisons and
control rod movements (Kim et al., 1998). In summary, the strongly
negative moderator feedback coefficient significantly contributes to
the load following capability of the reactor, allowing it to passively
follow low power variations. However, for more substantial core power
fluctuations, such as those in the proposed case study, average core
temperature variations exceed the allowed limits, resulting in the need
for control rods intervention or for a different average temperature
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control program. In the frame of load following by cogeneration, where
core power variations are minimal by definition, having a significant
inherent feedback mechanism represents an additional contribution
in the stabilisation of the reactor’s operation, consequently further
reducing the need for any external reactivity adjustments.

In the considered sliding pressure operational mode, reactor power
variations are driven by pressure and average temperature variations
on the steam generator’s secondary side. Fig. 17 shows the secondary
pressure behaviour in the three configurations. The secondary pres-
sure is free to change exclusively in the classical load following, and,
consequently, a noteworthy pressure variability is present. The pres-
sure variations are considerably less pronounced in the case of load
following by cogeneration; some minor fluctuations are present in the
case of LT extraction since the secondary pressure control is limited by
the maximal opening of HP-CV. These variations have an impact on
the core thermal power, as shown in Fig. 13. To further stabilise the
reactor’s operation, an additional control loop could be introduced to
mitigate these pressure fluctuations. For instance, a steam relief system
discharging the steam directly to the condenser could be employed.
Such bypass system is present in most steam cycles to accommodate
rapid power changes, but it falls short during the operational phase
due to the loss in thermodynamic efficiency and the potential degrada-
tion of the condenser’s integrity (Zhang and Jiang, 2024; Poudel and
Gokaraju, 2021).

5. Conclusions

This work presents a novel operational mode for a PWR-type, boron-
free SMR, namely the load following by cogeneration strategy. The
study is performed with a dynamic simulator of the power plant,
encompassing a detailed BOP model, developed in the object-oriented
modelling language Modelica. Moreover, several control strategies
were implemented to investigate the capabilities in terms of flexible
operation of the nuclear reactor. The control scheme is based on
a decentralised approach, with each process variable independently
managed by its corresponding control variable. As for the BOP control,
the relative gain array method was used to support the process-control
variable pair selection. The SMR’s flexible operation was evaluated by
comparing classical load following, adopting a constant average core
temperature control program, with the load following by cogeneration
mode, considering a high- and low- temperature steam extraction point
to assess their impact on the steam cycle performance. The proposed
dynamic simulator, along with its control system, was tested with
respect to a variable load demand, consisting of a ramp-wise variations
at the typical rate of 5%,/min.

The simulation outcomes demonstrated that LT extraction is more
convenient in terms of cycle efficiency; however, the lower steam
temperature could be a limiting factor for the cogeneration system
compared to the HT extraction point. This is confirmed by the power
loss factor p, which is 0.32 for LT extraction compared to 0.46 for
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Fig. 17. Steam generator secondary side pressure.

HT extraction, indicating a smaller loss in electricity generation per
unit of extracted thermal power. Regarding the transient simulation,
the proposed control strategy proved to be able to meet variable
load variations in both classical load following and load following by
cogeneration modes. The power output is indirectly controlled through
grid frequency deviations, with the proposed controller restoring the
frequency to the nominal value within a few seconds and with a limited
excursion to less than 40 mHz in correspondence of the load variation.
In the load following by cogeneration mode, the architecture is able to
meet the considered variable demand with minimal perturbations on
the primary side, leveraging the benefits of keeping the reactor working
at its rated conditions while exploiting the excess thermal power to
drive industrial processes. Moreover, the results suggest that a steam
cycle designed for electricity generation can be operated in the load
following by cogeneration mode, provided that retrofitting such an
architecture is viable from an engineering and regulatory standpoint,
among others. The flexibility of the considered SBF reactor design
is enhanced by the strongly negative moderator feedback coefficient,
allowing for rapid reactor power variations in response to load changes.
However, for significant power variations in the order of 15% rated
power, the average core temperature exceeds allowed limits during
passive load following operation.

Future work should focus on improving the models proposed in
this work. For example, a more detailed BOP architecture could be
considered, encompassing bypass systems, a higher number of pre-
heaters and reheaters, etc., to enable a more thorough investigation of
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the flexible operation of the nuclear power plant. As for the reactor,
the core model could be refined to estimate the axial offset, which
represents a key indicator during load following operation. Moreover,
further investigations could be performed on the considered control
strategy, exploring control schemes beyond the constant average core
temperature control program that could take further advantage of the
passive load following capabilities of the reactor.

In conclusion, the dynamic model proposed in this work is intended
to be integrated into a comprehensive hybrid system simulator, ac-
counting also for the cogeneration system dynamics. This will support
the investigation of more representative case studies and the develop-
ment of suitable control strategies for the overall architecture. In this
regard, the BOP operation could be managed not only to meet a given
load demand but also to comply with the requirements of the industrial

processes coupled into the NHES architecture.

List of Symbols

Acronyms

AV Admission valve

BOP Balance Of Plant

Ccv Control Valve

FWT Feedwater Tank

HP High Pressure

HPPH High Pressure Preheater

HT High Temperature

IHX Intermediate Heat Exchanger
P Intermediate Pressure

LF Load Following

LPPH Low Pressure Preheater

LT Low Temperature

NHES Nuclear Hybrid Energy System
NPP Nuclear Power Plant

NSSS Nuclear Steam Supply System
PFC Primary Frequency Control
PID Proportional-Integral-Derivative
PWR Pressurised Water Reactor
RGA Relative Gain Array

RH Reheater

SBF Soluble Boron Free

SFC Secondary Frequency Control
SG Steam Generator

SMR Small Modular Reactor

VRE Variable Renewable Energy
Greek Symbols

B Power loss factor (-)

n Efficiency (-)
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P Density (kg m™3)
Latin symbols

Baumann coefficient (-)
Stodola coefficient (=)
Mass flow rate (kg s~1)
Pressure (Pa)

Power (W)

Thermal power (W)
Temperature (K)
Quality (-)

Subscripts and superscripts

N0 YT 3 AN

avg average
cl closed loop
cog cogeneration
el electrical

in inlet

iso isentropic
nom nominal

ol open loop
out outlet
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