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ARTICLE INFO ABSTRACT

Keywords: The transition toward a low-carbon energy system and the increasing penetration of variable renewable energy
Nuclear hybrid energy system (VRE) sources translate into a pressing need for dispatchable and low-carbon power sources. Nuclear hybrid
Small Modular Reactor energy systems (NHES) exploit the synergies between nuclear power and other energy sources together with
Cogeneration

energy storage devices and a variety of electric and non-electric applications. The expected benefits range
from a high flexibility being able to supporting an increasing penetration of the VRE while complying with
the grid demand and constraints to an increased profitability brought by the production of commodities beyond
electricity (e.g., hydrogen, heat, etc.).

A dedicated framework must be developed to evaluate different NHES configurations, particularly with
regard to the complex interconnections among the tightly coupled components. In this work, illustrative
examples of NHES components were selected and modeled with the object-oriented modeling language
Modelica and implemented in the Dymola simulation environment. The technologies considered in this study
are a Small Modular Reactor (SMR) based on pressurized water technology, a thermal energy storage (TES)
system, and an alkaline electrolyzer for hydrogen production. The dynamic models are then collected in a
new Modelica library and assembled into a variety of NHES topologies using a plug-and-play approach. The
time-dependent behavior of the NHES layout can be simulated under different operational contexts, enabling
the monitoring of key process variables, supporting system design, exploring alternative control strategies, and
analyzing different scenarios.

The NHESs are investigated in two exemplary scenarios — one representing typical load conditions and
the other featuring high VRE penetration — in order to demonstrate the viability of the proposed approach
as an initial effort toward the development of a holistic framework for analyzing NHES. The dynamic models
effectively met the analysis requirements, for instance, by tracking the production of commodities throughout
each operational transient, which is an essential result for evaluating the performance of NHES. In this regard,
efficiency is adopted as the figure of merit to compare the different NHES architectures, with simulation results
indicating significant overall efficiency improvements in NHES incorporating TES and using nuclear heat to
drive non-electric applications.

Flexible operation
Modelica

1. Introduction capacity is foreseen in order to meet climate goals. Among renewable
energy systems, wind and solar power are predicted to expand rapidly,

Energy demand is expected to grow in the future, driven mainly mainly thanks to their low marginal production costs, low GHG emis-
by the increasing global population and economic activity [1]. This sions during their lifecycles, and increased scalability potential with
surge must be tackled while addressing the so-called energy trilemma, respect to other renewable energy sources, such as hydroelectric power,
which entails energy security, affordability, and sustainability. In the which is limited by the available natural resources [3]. However, there
context of climate change, sustainability is closely tied to a reduction of are several concerns to address in the case of a considerable penetration
greenhouse gas (GHG) emissions, which can be achieved by deploying of variable renewable energy sources (VRE) in the energy mix, most of
low-carbon energy sources, such as nuclear energy and renewable which are connected to their intermittent nature [4]. Their power pro-
ENErgy sources, both to meet rising energy demand and phase out duction is non-programmable since it is dependent on meteorological
fossil-fueled generators. conditions, which can vary in both time and location and may result

Accordlng to the projections presented by the Intergovernmental in a mismatch between power supply and load demand. The fluctu-
Panel on Climate Change (IPCC) [2] and the International Energy . L , .

R ations and uncertainties in the VRE’s power output represent a major

Agency (IEA) [3], a substantial rise in renewable energy and nuclear

* Corresponding author.
E-mail address: stefano.lorenzi@polimi.it (S. Lorenzi).

https://doi.org/10.1016/j.enconman.2023.117684
Received 24 May 2023; Received in revised form 3 September 2023; Accepted 18 September 2023

Available online 24 October 2023
0196-8904/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/enconman
http://www.elsevier.com/locate/enconman
mailto:stefano.lorenzi@polimi.it
https://doi.org/10.1016/j.enconman.2023.117684
https://doi.org/10.1016/j.enconman.2023.117684
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2023.117684&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G.C. Masotti et al.

Energy Conversion and Management 298 (2023) 117684

Nomenclature
m mass flow rate (kg s~!)
0 thermal power (W)
A area (m?)
¢ density of the ith precursor group (m~=3)
¢, specific heat capacity (J kg~! K1)
d density (kg m~3)
E energy (J)
H enthalpy (J)
h specific enthalpy (J kg~1)
k thermal conductivity (W m~! K1)
K, hydraulic conductance (kg s™! Pa~!)
L length (m)
M mass (kg)
n neutron density (m~3)
P power (W)
P pressure (Pa)
q" power density (W m~=3)
r radius (m)
T temperature (K)
t time (s)
1% volume (m3)
v voltage (V)
steam quality (-)
Acronyms
AEC alkaline electrolyzer cell
BOP balance of plant
EU European Union
GHG greenhouse gas
HP high pressure
HX intermediate heat exchanger
LP low pressure
LWR light water reactor
MSR moisture separator reheater
NHES nuclear hybrid energy system
OTSG once through steam generator
PCHE printed circuit heat exchanger
PEM proton exchange membrane
PHE plate heat exchanger
PV photovoltaic
PWR pressurized water reactor

challenge for the integration of these sources in the electrical grid, since
the mismatch between power supply and demand leads to grid insta-
bilities, which in turn translate into higher system costs and the need
for backup energy sources and energy storage systems [5]. Nuclear
power, as a dispatchable and low-carbon energy source, may boost a
deeper penetration of VREs in the energy mix by coping with their
intermittency while also contributing to the decarbonization of the
energy system. Traditionally, nuclear power plants have been operated
in baseload mode, with their power output remaining at a nominal level
regardless of load demand. In this case, load following is performed
by modulating the power output of other programmable generators.
Nonetheless, experiences in France and Germany, for example, demon-
strated that nuclear reactors could provide some grid stability by
varying the plant’s power supply based on grid requirements [6].

The increasing penetration of VREs in the energy mix inevitably
translates into higher flexibility requirements for programmable

SMR Small Modular Reactor

SOEC solide oxide electrolyzer cell

TES thermal energy storage

VRE variable renewable energy source

Greek symbols

p delayed neutron precursors fraction (pcm)
n efficiency (-)

A neutron generation time (s)

decay constant of the ith precursor group (s~1)
reactivity (pcm)

time constant (s)
valve opening (-)

D N D >

Subscripts and superscripts

a anode

c cathode

cl cladding

f fuel

fric friction

g gap

iso isentropic

/ liquid

mec mechanical

stat static head

v vapor

vl vapor-liquid exchange
w wall

sat saturation

act activation

bub bubble

FL flashing

ohm ohmic

rev reversible

RO rain out

SC superficial condensate
SP sprayers

SRG surge line

VLV relief valve

WC wall condensate

generators [5]. In the case of nuclear power plants, flexibility may
be increased by deploying Small Modular Reactors (SMR), whose
multi-modularity allows for an additional degree of freedom in power
generation [7]. These reactors, similarly to conventional nuclear power
plants, can be integrated into so-called nuclear hybrid energy systems
(NHES), which provide a higher level of flexibility by assigning the pro-
duced energy to applications other than electricity supply in accordance
with grid requirements.

1.1. Nuclear hybrid energy systems

In a NHES, the flexibility is increased by combining the nuclear
reactor with other energy sources, energy storage systems, and applica-
tions beyond electricity supply, including hydrogen production, district
heating, desalination, and process heat supply [8]. As a result, in
addition to delivering dispatchable power to the grid, the system gains
access to multiple markets, allowing it to be managed to supply the
most profitable energy product at any given time in order to maximize
the revenue streams [9].
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Table 1
Operating temperatures of Generation IV reactor concepts [10].

Reactor concept Temperature range (°C)

Lead-cooled fast reactor LFR 480-570
Sodium-cooled fast reactor SFR 500-550
Supercritical water reactor SCWR 510-625
Molten salt reactor MSR 700-800
Gas-cooled fast reactor GFR 850

Very high temperature reactor VHTR 900-1000

Generally speaking, cogeneration can have a significant impact on
the economic competitiveness and flexible operation of nuclear power
plants. For instance, it enables the direct exploitation of the reactor’s
thermal energy, which, in a conventional steam cycle, would be con-
verted into electricity and discharged into a cold sink. As of today, there
have been several experiences with nuclear power plants employed for
cogeneration purposes, mainly desalination, district heating, and pro-
cess heat supply [10]. Other viable cogeneration alternatives include
hydrogen production and coupling with chemical processes, as well
as hard-to-abate industrial sectors such as steel, glass, ceramics, and
pulp and paper manufacturing. The latter industrial processes require
high-quality heat in a temperature range of 600-1200 °C [10]. These
temperatures are hardly achievable with LWR technologies, where the
steam outlet temperature is usually below 300 °C. However, as pointed
out in Table 1, these temperature requirements can be met by using
Generation IV reactors, which employ unconventional coolants such as
molten salts, liquid metals, or gas [7].

When integrated with cogeneration processes, the reactor can be
operated in load following by cogeneration mode [10]. In this oper-
ational setting, the thermal power output of the reactor is maintained
at its rated power, while the electric output is modulated by diverting
the excess power for cogeneration purposes. As a result, it is possible
to satisfy a variable load profile while also benefiting from the tech-
nological and economic advantages of running the reactor at nominal
conditions.

Fig. 1 shows a possible NHES architecture. This particular con-
figuration is known as “tightly coupled”, since the nuclear reactor,
the renewable energy sources, the energy storage systems, and the
industrial processes are coupled upstream of the interconnection point
with the electrical grid. Other layouts are based on the “thermally
coupled” approach, in which only the nuclear reactor is thermally
interconnected with industrial facilities, or the “loosely coupled” phi-
losophy. Current energy systems are based on the latter approach, since
the generators are managed independently from each other to meet
certain grid requirements [11].

The design of a NHES, in terms of both technologies and the
capacities of interconnected subsystems, is strongly dependent on the
operational context. The boundary conditions, i.e., load demand, en-
vironmental conditions, as well as energy product market dynamics
and energy policies in the given location, are essential to determining
the suitability of the considered NHES layout. This is not only true for
system design but also to establish the best operation conditions for
NHES since it will affect the energy dispatch strategy that maximizes
the system’s profitability.

Among the potential technologies to be integrated into a NHES,
SMRs are looked at with remarkable interest [13]. SMRs are defined
as reactors with a lower power capacity with respect to conventional
reactors, usually below 300 MWe. This feature allows for a higher
degree of modularity and scalability, so that multiple SMR modules
can be installed in the NHES and be operated independently to meet
different grid requirements [7]. The reactors rely on an integral design,
meaning that the primary loop is packed in the pressure vessel. This
greatly improves the safety of the system, mainly because of the re-
duced number of vessel penetrations and the adoption of passive safety
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Fig. 1. Tightly coupled NHES structure [12].

systems such as natural circulation of the primary coolant. Moreover,
because of their smaller size and high safety degree, SMRs require a
reduced emergency planning zone. The importance of the latter aspect
is particularly significant when integrating SMRs in NHES, as it enables
the SMRs to be located closer to industrial sites.

Several studies are available in the literature concerning the analysis
of NHES. For instance, Garcia et al. [14,15] compared two NHES
architectures, one labeled “traditional” including a heat source, a wind
farm, and battery storage, and the other incorporating also a chemical
plant driven by thermal power extracted from the aforementioned heat
source. This study primarily aimed at investigating the potential of
flexible operation in these systems to cope with varying levels of VRE
penetration, both from a technical [14] and economic standpoint [15].
Kim et al. [16] showcased an example of coupling an SMR with a hy-
drogen production process within a NHES. The study demonstrated the
technical feasibility of meeting fluctuating load demands by allocating
thermal and electrical power flows for hydrogen production. Another
end-user process that could be integrated into NHES is desalination.
This option is explored in the analysis conducted by Hills et al. [17],
where NHES connecting a SMR and a wind farm with either freeze
desalination or reverse osmosis are compared. The opportunities of
integrating the Palo Verde nuclear power plant in Arizona into a
NHES were investigated by Epiney et al. [18]. Through the analysis
of various case studies with different levels of desalination plant uti-
lization, the viability of investments to cope with the intermittency
of renewables and ensure the supply of cooling water for the nuclear
power plant is evaluated. NHES modeling presents several signifi-
cant challenges, as highlighted by the extensive research conducted
in this field. Such challenges are primarily driven by the complex
interconnections between multiple subsystems and the highly dynamic
nature of their operations. Moreover, the complexity increases when
performing a techno-economic optimization of the energy system, as
it requires taking into account interactions with several energy output
markets [19].

As of today, NHES are under investigation in various research
initiatives. The Task Force on Non-Electric Applications of Nuclear Heat
(NEANH), established within the Generation IV International Forum
(GIF), is dedicated to exploring the potential of Generation IV reactors
in supplying heat for applications beyond electricity supply [20]. In
particular, the significance of having tightly coupled NHES to en-
hance the flexibility of the overall system and to provide high-quality
heat as a valuable commodity is emphasized [20]. Euratom’s TAN-
DEM (Small Modular ReacTor for a European sAfe aNd Decarbonized
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Energy Mix) is spearheading the exploration of NHES in the European
Union, coordinating the research activities of EU Member States with
particular attention to the safety concerns of integrating light-water
cooled SMRs into NHES [21]. Moreover, activities related to modeling
and simulation for the techno-economic evaluation and optimization
of NHES are carried out by the Integrated Energy System program, run
by the U.S. Department of Energy (DOE) [9]. In the latter programs,
the development of dynamic models is a backbone for the analysis of
NHES. Dynamic models are needed to simulate the system’s behavior
over time in response to different scenarios. They are required to assess
if the subsystems, interacting with one another, are able to satisfy the
commodity demands and the technical requirements. As a result, the
models can be employed to identify potential issues in terms of system
design and operation, as well as to estimate the NHES performance in
various operational contexts. Lastly, dynamic models are a fundamental
tool for the development of control strategies since they allow for
the simulation of an energy dispatch in compliance with the technical
constraints of the subsystems and for the optimization of the systems’
performances [17].

The aim of this paper is to present some models of the components
involved in NHES and their potential use in the analysis and simulation
of different architectures. The dynamic models of NHES subsystems
are developed in the object-oriented modeling language Modelica [22].
They are collected in a dedicated library, which will be successively
used to assemble the models of different NHES architectures in line
with a plug-and-play philosophy. With respect to previous studies on
NHES, the primary focus of this work lies in highlighting the benefits
of utilizing the latter approach. The key advantage stems from the
smooth integration of individual subsystem models into comprehen-
sive NHES models, enabling the exploration of a wide range of case
studies.

The paper is organized as follows. In the next section, a possible
methodology for the analysis of NHES is presented, focusing on the
role of dynamic models in this framework. As illustrative examples of
subsystems that can be integrated into a NHES, a SMR, a thermal energy
storage system, and a hydrogen production unit were selected. These
technologies are described and compared with other options in Sec-
tion 3, while the implementation of their dynamic model is presented
in Section 4. The resulting models are assembled into five different
NHES architectures, which are illustrated in Section 5. Following the
presentation of the scenarios that will be used to evaluate the dynamic
behavior of the systems in Section 6, Section 7 summarizes the sim-
ulation results for the two most comprehensive configurations. Lastly,
conclusive remarks about the outcomes of this work are discussed.

2. Methodology

The models presented in this work are meant to be used as tools
in a broader framework for the analysis of NHES. For instance, the
feasibility of incorporating SMRs in NHES can be assessed using a
exhaustive techno-economic analysis that includes a safety assessment
to determine if the SMR’s safe operation is not jeopardized when it is
interconnected with other components of the NHES [23].

A broad framework allows for the identification of the most ap-
propriate NHES architecture as well as its operation, e.g., in terms
of energy dispatch among the various NHES components in several
scenarios. It can represent a valuable tool also for policymakers to
evaluate the performance of NHES and estimate their potential for the
transition towards a clean, reliable, and safe energy system.

2.1. Dynamic modeling of NHES components

As previously stated, the focus of this paper is on the development of
dynamic models of NHES components, which will then be combined to
assemble the dynamic model of overall NHES architectures. They were
built in Modelica, an object-oriented modeling language that enables

Energy Conversion and Management 298 (2023) 117684

the development of easily interchangeable models and libraries [22].
The Modelica language can be coded in various simulation environ-
ments. The models proposed in this work were developed in Dymola®
(Dynamic Modeling Laboratory), which relies on a proprietary license.
Compatibility with the open-source environment OpenModelica is pos-
sible for the models, but it is important to note that the computational
performances may differ given the use of different solvers in the two
tools.

Thanks to its object-oriented language features, Modelica is partic-
ularly well suited for the simulation of large and complex engineering
systems such as NHES. In particular, the encapsulation and abstraction
principles allow for the independent implementation of submodels,
which can then be linked through dedicated interfaces, also called con-
nectors [22]. In this way, it is possible to easily reuse the same model
with different parameters and boundary conditions. Furthermore, as
an acausal language, Modelica provides high modeling flexibility and
efficiency since inputs and outputs are not defined a priori.

Along with the Modelica Standard Library, two additional libraries,
both designed at Politecnico di Milano, were applied to develop the
models in this work. The NuKomp library [24], in particular, provides
components for nuclear power plant modeling, whereas the Ther-
moPower library [25] is used for dynamic modeling of thermal power
plants and energy conversion systems.

It is worth noting that the main objective of the Modelica model of
the reactor is to forecast its dynamics in various contexts and to monitor
the operational variables, while it is not meant for safety assessments.

2.2. Scenario development and implementation

The generation of reasonable scenarios is fundamental for assessing
the technical and economic viability of integrating SMRs with multiple
end-user applications and the overall NHES performances. A scenario
encloses different boundary conditions that will affect the NHES design
and operation, such as load demand, weather conditions, renewable
energy source penetration, other generators in the energy mix, co-
generation product demand, and market dynamics. Of course, this
operational context will be strongly dependent on the NHES location.

The primary goal of testing the NHES model against various scenar-
ios is to determine whether the system’s operation complies with tech-
nical constraints, such as ramping-up requirements to follow changes
in load demand. In this work, the NHES models were tested with two
load profiles, one representative of the current load profile and another
characterized by a high penetration of solar power. These are intended
just to investigate the response of NHES architectures to plausible load
demand fluctuations and are not supposed to be representative of a real
operational context, which entails a detailed examination of the local
energy mix and its future forecasts, for instance.

2.3. Evaluation of system response

After assembling the models described in this work into multiple
NHES architectures, they were tested in relation to the aforementioned
scenarios. The simulation outcomes enable monitoring whether the
system’s process variables remain within their operational limits and
provide quantitative information to evaluate system performances, such
as assessing the amount of energy dispatched to each subsystem during
operation.

The work presented in this paper is a preliminary contribution
to the broader framework of NHES analysis since it focuses just on
the methodology adopted for the dynamic modeling part. A thorough
development of the scenarios, as well as the coupling with optimization
tools and thermal-hydraulic system codes for the safety assessment of
the system, goes beyond the scope of this work.
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Table 2

Main parameters of a SMR module [28].
Parameter Value Unit
Thermal power 540 MWth
Electrical power 170 MWe
Pressure (primary/secondary) 150/45 bar
Core inlet/outlet temperature 280/307 °C
Primary mass flow rate 3700 kg/s

3. Technologies

The technologies to be integrated in the NHES architectures consid-
ered in this study include a light-water cooled SMR, a thermal energy
storage system, and a hydrogen production plant.

These are just a few examples of potential technologies that can be
considered for NHES. In particular, they can be seen as representative
technologies for the nuclear energy source, an energy storage device,
and the production of an additional commodity beyond electricity,
respectively.

3.1. Small modular reactors

The reference configuration of the SMR considered in this work
relies on a pressurized, light-water-cooled SMR (LW-SMR) design under
investigation in Euratom’s ELSMOR (Towards European Licensing of
Small Modular Reactors) project, where a database with the key pa-
rameters for the European SMR (E-SMR) has been conceived [26]. The
LW-SMR proposed in the framework of this project is guided by the
principles of the NUWARD™ design, which is currently being developed
by a consortium formed by CEA, EDF, Naval Group, TechnicAtome,
Framatome, and Tractebel/Engie [27].

The main parameters considered for a single SMR module are
summarized in Table 2. The nuclear power plant is planned to have
a twin-module configuration that will enable it to house two 170 MWe
units, each equipped with its own turbogenerator, in the same loca-
tion [28]. However, in this study, only one module is considered as the
primary energy source.

The high degree of compactness of the SMR is achieved by packing
the entire primary circuit components within the integrated pressure
vessel. Employing compact steam generators, such as Plate Heat Ex-
changers (PHE) or Printed Circuit Heat Exchangers (PCHE), enables the
transfer of large amounts of thermal power in a small volume [29]. Six
of these steam generators will be employed during normal operation
in the LW-SMR, while two additional safety steam generators will cool
the reactor in accidental conditions [28].

The considered layout employs six primary coolant pumps at the
outlet of each steam generator to force the circulation of the coolant.
On the other hand, the decay heat removal system is based on natural
circulation, which translates into a higher degree of safety for the
overall system due to this passive safety mechanism.

3.2. Energy storage

Energy storage systems hold a decisive role in balancing grid sup-
ply and demand and reducing curtailed energy. There are several
methods to store energy, e.g., mechanically, electrically, electrochem-
ically, chemically, or thermally. Among these, the storage of mechan-
ical energy with pumped storage hydropower is the most widespread
alternative [30].

In this study, a thermal energy storage system was selected to be
coupled with the SMR in the NHES. This technology is particularly
well-suited to being integrated with nuclear power plants since it allows
storing the thermal energy produced by the reactor without undergoing
intermediate transformations. Thermal energy storage systems can rely
on different physical processes [31]:
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« Sensible heat storage: the liquid or solid storage medium is heated
by the energy sources without undergoing phase change. As a
result, changes in temperature arise from energy absorption and
release.

Latent heat storage: in this system, heat drives the phase transi-
tion of the sensible medium, which occurs at isothermal condi-
tions.

Thermochemical storage: the exchanged heat activates endother-
mic and exothermic chemical processes, storing energy as chem-
ical potential.

As of today, experience with large-scale thermal storage units is
available when coupled with concentrating solar-thermal power (CSP).
In this context, sensible heat storage systems based on the two-tank
configuration and employing molten salts as a storage medium are
considered the most mature technology. This same option is regarded
as the most promising when coupled with a SMR as well [32].

Storage media are typically selected based on favorable material
properties, such as high thermal conductivity, density, and heat ca-
pacity, low melting point, mechanical and chemical stability, and low
costs [31]. The most common molten salt used for this application, also
known as solar salt, is in compliance with all these requirements. How-
ever, it is not compatible with LW-SMR since its minimum operation
temperature, around 290 °C [33], is not compatible with the steam line
temperature of the reactor, resulting in a too small temperature margin.
As a result, the synthetic oil Therminol-66 is considered for this type
of application, despite its higher costs and increased safety concerns
[32].

3.3. Hydrogen production

Hydrogen demand is expected to grow significantly in the future,
mainly thanks to its versatility and potential use for the decarbonization
of hard-to-abate sectors. This energy carrier can be produced to store
energy, which can then be recovered using hydrogen itself as fuel.
Moreover, it can be employed as fuel in the transportation sector or
as chemical feedstock for industrial processes [34].

The contribution of hydrogen to the energy transition is closely
linked to its production method. As of today, the most widespread
process is steam methane reforming, in which the reaction of steam and
methane produces hydrogen with the emission of CO, as a by-product.
Water splitting by electrolysis is suggested for producing low-carbon
hydrogen since the hydrogen generation process requires just electric
power as input.

Among the technologies based on this technique, the alkaline elec-
trolyzer cell (AEC) is the most mature alternative. It is characterized
by a low operating temperature, usually in the range of 60-90 °C [35].
An electrolyzer stack contains an anode and a cathode, which are the
positive and negative electrodes, respectively. At the cathode, water
is divided into hydroxide anions and hydrogen. The anions are at-
tracted by the cathode, where they are oxidized into water and oxygen
[36]:

2H,0() + 2¢~ — Hy(g) + 20H (aq) (Cathode)
20H" (aq) — %Oz(g) +H,0()+2¢~  (Anode)

The main feature of an alkaline electrolyzer is that the electrolyte,
the medium through which the ions move, is liquid. In particular, it is
an aqueous solution of potassium hydroxide at a weight concentration
of 20%-30%, which increases the material’s electrical conductivity
while minimizing its corrosive impact on the other components.

Hydrogen production systems based on AECs have the disadvantage
of having a low flexibility, so that they are mainly used for steady state
operation. Nonetheless, it is worth highlighting that the development of
alternative electrolysis technologies, including proton exchange mem-
branes (PEM) and solid oxide electrolysis cells (SOECs), is rapidly
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advancing. The former exhibits high load ramping capabilities, en-
abling it to effectively manage fluctuating power inputs [37]. On the
other hand, SOECs operate at temperatures above 600 °C, resulting in
a more efficient hydrogen production process.

4. Modeling of the NHES components

This section describes the modeling of the aforementioned technolo-
gies in Modelica. The encapsulation property of this modeling language
is extensively employed for each model, resulting in the independent
modeling of the key elements of each technology and their subsequent
assembly into the overall model.

In addition to the Modelica Standard Library, most of the compo-
nents stem from the ThermoPower library, especially from the Water
package, which includes models describing a one-dimensional fluid
flow in a tube, discretized according to the finite volume (F1ow1DFV)
or finite element (FlowlDFEM) method, accumulation volumes
(Mixer, Header, etc.), as well as valves and turbines, for example.
This package relies on the fluid properties provided by the Model-
ica Standard library, which computes the properties for single- and
two-phase water according to the thermodynamic state of the fluid.

4.1. LW-SMR

The model developed to simulate the behavior of the SMR is shown
in Fig. 2. The main components, namely the core, the pressurizer,
and the steam generator, were modeled independently and connected
subsequently through dedicated interfaces. These components, together
with the riser, the downcomer, and the upper and lower plena, rely on
the models provided by the ThermoPower library. As far as the core is
concerned, it was simulated using the model of the NuKomp library.

It is worth noting that the model is built upon the available E-SMR
parameters, while others were assumed within the scope of this study
as outlined in the following sections. Due to the absence of reference
studies or experimental data that can be used to directly compare the
simulation outcomes obtained with the proposed dynamic models, the
E-SMR and its balance of plant models cannot be properly validated in
this study. Nevertheless, the inherent uncertainties resulting from the
simulations are accepted since the main objective of this work is to
showcase the dynamic modeling of NHES architectures by means of a
plug-and-play philosophy rather than providing an accurate description
of the system’s behavior.

4.1.1. Core

This component is composed of three submodels, representing (i)
the neutronics, (ii) the fuel pin thermal behavior, and (iii) the coolant
flow [24]. The main equations governing these submodels are available
in Appendix A.

The neutronics of the system relies on point kinetics equations,
together with reactivity feedback mechanisms. As a first approximation,
only the Doppler and moderator feedback effects, which are related
to the fuel and coolant temperatures, respectively, were taken into
account. Moreover, an additional reactivity contribution, representing
the insertion or extraction of control rods, can be specified through an
external input.

To model the thermal behavior of the fuel pins, the fuel is di-
vided into axial volumes, and in each volume, the one-dimensional,
time-dependent heat equation is solved to find the radial temperature
distribution. The heat equation is applied to five different radial zones:
three are dedicated to the temperature distribution in the fuel pellet,
while the other two describe the heat transfer in the gap and in the
cladding.

Finally, a specific model is used to describe the coolant flow
through the core channels. It is modeled by modifying ThermoPower’s
FlowlDFV component, in which energy, mass, and momentum bal-
ance equations are solved to determine the dynamics of the flow
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between the fuel pins, by including a connector representing the
moderator feedback on the neutron kinetics. In addition, it is thermally
linked to the fuel pin submodule in order to account for the thermal
power transferred from the fuel pins to the coolant.

4.1.2. Pressurizer

In nuclear reactors employing PWR technology, the pressurizer is
a key component to control the pressure in the primary loop and
maintain the coolant in the liquid state. The model proposed in this
work is based on the mathematical framework developed for the dy-
namic model of the IRIS (International Reactor Innovative and Secure)
reactor [38]. IRIS is a PWR-type SMR, and, similarly to the LW-
SMR considered in this work, its pressurizer is integrated within the
pressure vessel. A non-equilibrium, two-region thermodynamic model
was implemented to simulate the dynamics of the system. With this
approach, the energy and mass balance equations are solved separately
for the liquid and vapor regions as reported in Appendix A [39]. The
same model can also be applied to a conventional PWR; however, the
geometrical features must be corrected to account for the cylindrical
shape [39] rather than the peculiar hemispherical shape in the SMR
case.

In this work, the dynamic model of IRIS’ pressurizer was adapted
to account for the E-SMR’s different geometry and pressure control
scheme. As a matter of fact, the bottom part of the IRIS pressurizer
consists of an annular chamber, which is required to house the pumps
at the steam generator inlet. On the other hand, in the configuration
proposed for the E-SMR, the primary coolant pumps are located at the
steam generator outlet [28], meaning that the previous annular space
is integrated within the pressurizer.

As far as the pressure control strategy is concerned, sprayers and
an electrical heater were included in the model to lower and increase
the pressure, respectively. Moreover, a pressure relief valve that is
opened whenever the pressure crosses a certain threshold is considered.
Similarly for the sprayers and the heater, logic signals are employed
to activate and deactivate these control systems to keep the pressure
in an acceptable range. In the control strategy, the sprayers feature
a mass flow rate injection of 1.91 kg/s, while the thermal power
provided by the heater is 80 kW [39]. During normal operation, these
control systems are activated or deactivated based on the deviation of
the primary coolant pressure from predetermined pressure setpoints.
Sprayers were added to the IRIS pressurizer model because the design
of this reactor, owing to its low core power and significantly larger
steam header volume, allows the use of sprayers to be avoided [40].
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4.1.3. Steam generator

The PCHE is the reference configuration selected for the steam
generator employed in the considered LW-SMR. In the this design,
the primary and secondary coolants flow through mini-channels with
a rectangular or semi-circular cross section, which translates into en-
hanced heat transfer capability and thus compactness of the heat
exchanger [29].

A preliminary sizing procedure is proposed to ensure that the steam
generators fit within the available volume and meet the heat transfer
requirements. In particular, the total cross-sectional area of each PCHE
is determined to be consistent with the space available in the annular
region of the integrated pressure vessel. On the other hand, the re-
quired steam generator length is tuned so that, at nominal operating
conditions, the heat transfer capability of the heat exchangers allows
for the transfer of the required thermal power. The steam generator
geometry obtained employing the channel dimensions provided by
literature [29], i.e., channels with a 4 mm wide and 2 mm high
rectangular cross section, are summarized in Table 3.

The structure of the steam generator model in Modelica is reported
in Fig. 3. It relies mainly on models that stem from the ThermoPower li-
brary, specifically the Flow1DFV component, which is used to simulate
the primary and secondary coolant flow dynamics in the PCHE chan-
nels. These submodels are thermally linked with each other through a
component representing the thermal behavior of the steam generator’s
solid structure, i.e., in terms of heat capacity and thermal resistance,
and an additional component that accounts for the counter-current
configuration of the considered PCHE design.

The ThermoPower F1ow1DFV component allows the user to specify
the heat transfer model employed on the hot and cold sides of the
heat exchanger. In this work, the Dittus-Boelter correlation [41] was
implemented to compute the heat transfer coefficient on the primary
side, while a constant heat transfer coefficient determined with the Kan-
dlikar correlation [42] was employed to model the secondary coolant
evaporation.

4.1.4. Overall primary circuit model

Combining the models described in the previous sections, the over-
all model of the SMR shown in Fig. 2 is obtained. It is complemented
with additional components of the ThermoPower library to simulate
the primary coolant flow in the riser, downcomer, and upper and lower
plena. The model is linked with other components through an external
input that allows for the specification of the reactivity insertion through
control rods and two flanges that represent the secondary coolant flow
at the steam generator inlet and outlet. These flanges are the interfaces
through which the model can be connected to the balance of plant, for
instance.

The main simplifying assumption on which this primary circuit
model is based is that the pressure drops experienced by the primary
coolant flow through the components were neglected. This hypothesis
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Table 3
Main parameters employed in the SMR model.

Parameter Value Unit

Steam Generator

Number of channels 35552

PCHE cold side inlet/outlet temperature 247.44/287.44 °C
Length 2.61 m
Height 0.53 m
Width 1.015 m

Balance of plant

Secondary mass flow rate
Turbine stage inlet pressure (HP/LP)

294.73 kg/s
45/11.05 bar

simplifies the model by eliminating the need to include the primary
pumps, which are required to counterbalance the pressure drop. The
validity of this assumption finds support in the operational conditions
examined in the proposed case studies, where the reactor operates in
load following by cogeneration. During normal operation, this mode
prevents the occurrence of severe transients that could significantly
impact pressure drop distribution.

4.1.5. Reactivity insertion transient

The physical behavior of the proposed dynamic model is tested
by simulating the system’s response to a transient triggered by the
injection of reactivity.

Fig. 4 shows the dynamic response of the SMR with respect to a
step-wise 100 pcm reactivity insertion after 10 s. The proposed sce-
nario involves connecting the steam generator inlet and outlet flanges,
depicted on the right-hand side of Fig. 2, to an ideal flow source and
sink, respectively. Before the transient is triggered, the system is in
steady state and at values that are in agreement with the reference data
provided for the reactor, reported in Table 2. The reactivity insertion
results in a sudden increase in thermal power, causing the fuel and
coolant temperatures to rise. This, in turn, triggers negative reactivity
contributions through feedback mechanisms, as depicted in Fig. 4(b).
In a short timescale, the Doppler feedback, followed by the moderator
feedback, compensates for the external reactivity insertion, allowing
the system to achieve a new steady state condition. However, it is worth
noting that the modeling assumptions have a significant impact on this
trend. The latter is affected not only by the primary circuit’s underlying
hypotheses but also by those of the cold side of the steam generator,
such as the ideal flow source and sink, as well as the assumption of a
constant heat transfer coefficient. They will have a significant impact
on the steam generator’s heat removal capability, thereby affecting the
temperature increase and feedback reactivity contribution of the fuel
and primary coolant.

4.2. Balance of plant

A steam cycle is employed to convert the thermal power pro-
duced by the SMR into mechanical energy. The reference balance of
plant (BOP) considered in this study is the one proposed for the IRIS
reactor [43]. It is based on a double-flow high-pressure (HP) and
low-pressure stage (LP) turbine with different steam extraction points
intended to power feedwater heaters and reheaters.

A simplified model of the BOP is implemented in Modelica. Only one
steam extraction point, located before the HP turbine inlet, is present.
The steam diverted at this point is used in a reheater positioned after a
moisture separator between the two turbine stages. Indeed, only the
two turbine stages and the moisture separator reheater (MSR) were
included in the model. As a result, the power conversion system can
be seen as an “open cycle”: the secondary coolant flow is generated by
a mass flow source connected to the steam generator inlet, while it is
discharged in a sink at the turbine outlet. Therefore, the coolant flow in
the other main components of the steam cycle, such as the condenser,
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the pump, and the feedwater heaters, is not included in the model.
This strong simplifying assumption is expected to have an impact on
the dynamic analysis requirements of NHES architectures. For example,
these systems may be designed to meet the variability of load demand
by diverting thermal power flows to end-user applications other than
electrical power production. Consequently, steam extractions within
the BOP can exhibit significant variations throughout operation. These
fluctuations introduce severe transients in the steam cycle, which must
be thoroughly evaluated when studying the dynamics of the system.
While the BOP model proposed in this study provides valuable in-
sights regarding the electrical power produced based on a given steam
input, it does not account for the dynamic behavior of the steam
cycle.

Fig. 5 displays the implementation of the power conversion system
in Modelica. The model relies on components of the ThermoPower li-
brary; as far as the MSR is concerned, the moisture separator is modeled
by modifying the ThermoPower DrumEquilibrium component by
adding an additional interface for the drained liquid. This component
is governed by energy and mass balance equations, which are modified
as follows:

dM . . .
ar Mfeed — Msteam — Mdrain
(€]
dE . . .
dt = MfeedPfeed — Msteam Msteam — MdrainMdrain

! LP Turbine admission
valve controller

-_—— e = 4

the balance of plant.

where the separated liquid flow rate is given by:

(2)

Mirain = Mgeed(1 — X)Nvs

For the reheater, the same model structure employed for the steam
generator is used. The SteamTurbineUnit component from the
ThermoPower library has been chosen to model the HP and LP turbine
stages. As shown in Fig. 5, a mechanical connector is employed to
link the shafts of these stages and to impose the rotational speed as
a boundary condition. Furthermore, the primary governing equations
for ThermoPower’s SteamTurbineUnit are outlined in Appendix A.
This simplified turbine model is unable to capture the dynamics of
the machine during severe off-design conditions resulting from steam
extraction. However, for the scope of this work, the model effectively
fulfills the requirements of the BOP model by estimating the electrical
power output of the system.

The BOP model is linked with the other NHES models through three
inlet flanges, representing the flow entering the HP turbine stage, the
flow entering the hot side of the reheater, and an additional flange
that considers an additional mass flow contribution joining the flow at
the HP turbine outlet. The input parameters required for both turbine
stages and the MSR were determined by adapting the data available for
the IRIS BOP to be in line with the E-SMR’s operating conditions and
are reported in Table 3.
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As described in Appendix B, a decentralized control scheme based
on single-input, single-output PID (proportional-integral-derivative)
controllers is used to avoid pressure fluctuations at the inlet of the
two turbine stages. These components regulate the turbine admission
valves so that the inlet pressures remain at their nominal values even
when the steam mass flow entering the turbine changes. Specifically,
SteamTurbineUnit model operates under a partial arc admission
strategy rather than throttling [44], thereby reducing thermodynamic
losses driven by pressure drops in the throttling valves. Due to the tur-
bine’s pressure ratio being higher than the critical ratio of about 0.5, the
model relies on the assumption of choked flow conditions [45]. Con-
sequently, the mass flow rate can be regarded as being approximately
proportional to the inlet pressure without being affected by the outlet
pressure. In the considered control scheme, the turbine admission valve
regulates the proportionality constant between the latter variables, as
shown in the governing equations collected in Table A.7.

By employing this control strategy, significant variations in the
steam generator pressure are avoided. Such fluctuations would other-
wise lead to alterations in the thermodynamic state of the secondary
coolant and subsequently impact its heat removal capabilities. As a re-
sult, the primary coolant conditions and the overall state of the reactor
would be affected. However, it is important to note that this control
strategy maintains a constant pressure ratio for the turbines, even
during off-design conditions with reduced mass flow. Such operations
might not comply with the constraints specified by the steam turbine
manufacturer. Therefore, it will be relevant to explore alternative con-
trol strategies capable of effectively managing high steam extractions
with a comprehensive BOP model.

Fig. 6 shows a possible configuration in which the SMR model
is connected to the power conversion system through the dedicated
interfaces. In particular, the layout displayed in Fig. 6 allows the
reactor to be operated in the load following by cogeneration mode: by
introducing a bypass valve at the turbine inlet, it is possible to regulate
the electric output of the system to meet a certain load demand by
diverting a portion of the steam driving the turbine through the bypass
valve. A PID controller is also used in this case to regulate the bypass
valve opening so that the turbine’s electrical output matches the load
demand. This architecture will be the core of the NHES layouts that
will be presented in the following sections, since in every case study
the SMR is operated in load following by cogeneration, employing the
bypassed steam for energy storage charging or, in general, to drive
cogeneration processes.

Operating a reactor in load following by cogeneration mode, which
involves meeting variable load demands while maintaining the reactor
at its rated power level and utilizing excess power for the production
of additional commodities, offers several technical and economic ben-
efits. This strategy combines the advantages of operating the reactor
in baseload mode with the capability of providing flexibility to the

Energy Conversion and Management 298 (2023) 117684

electrical grid, making it an attractive option to cope with the in-
termittency of renewables and improve the economic competitiveness
of nuclear energy. From an economic standpoint, steady operation at
nominal conditions is generally preferred as the reactor’s operational
expenses are primarily associated with fixed costs rather than marginal
costs. Moreover, flexible operation (i.e., modulation of thermal power
production) increases the stresses on the reactor’s components, leading
to increased wear and tear and less effective fuel usage. As the pene-
tration of VREs in the energy system continues to increase, the flexible
operation of nuclear power plants will become crucial to ensuring grid
stability. Load following by cogeneration mode may offer a viable
approach to achieving this while also benefiting from the streamlined
operational procedures that characterize baseload operational modes
and low plant-level variations in operating conditions [46].

The simulation results in terms of thermal and electrical power
testing the system with a 10% load demand reduction are shown in
Figs. 7(a) and 7(b). In line with the fundamental principle of the
load following by cogeneration mode, the thermal power of the SMR
remains at its rated level throughout the whole transient, while the
electric power output is reduced by 10% acting on the steam flow rate
flowing through the valve. Moreover, although a significant mass flow
rate is bypassed, as depicted in Fig. 7(c), Fig. 7(d) demonstrates that by
regulating the admission valves of the turbine, the inlet pressures are
effectively maintained at their nominal values.

4.3. Thermal energy storage system

As mentioned in Section 3.2, a two-tank sensible heat storage system
employing Therminol-66 as a storage medium was considered for the
energy storage technology in the NHES.

Several options are available for integrating a TES unit with a
nuclear power plant. This study focuses on a configuration where the
TES is charged with steam extracted at the HP turbine stage inlet. Re-
garding the steam produced by the TES during the discharging process,
two distinct cases are considered in this work. The first case involves
delivering the steam to an industrial facility, while in the second case,
the steam is used to increase the electrical power output of the system.
It is worth mentioning that various integration options are available for
the latter application [47]. For instance, the produced steam can either
be fed to the BOP or employed to drive a dedicated turbine. These
approaches need to be evaluated from different standpoints, including
technical feasibility, impact on system efficiency, and overall economic
implications. In the proposed case study, the steam is injected into
the LP turbine stage. Consequently, the LP turbine must be oversized
compared to the scenario where the discharged steam is utilized solely
for industrial end-user processes, resulting in higher costs and technical
challenges due to the repeated off-design operations.

The configuration in Fig. 8 is used as a reference for the dynamic
modeling in Modelica. In the charging process, the bypass valve diverts
a part of the steam produced by the SMR towards an intermediate heat
exchanger (IHX). Here, the thermal power is transferred to the sensible
medium that is flowing from the cold tank to the hot tank through the
IHX. In order to recover the stored energy, the heat discharged by the
Therminol-66 flowing from the hot tank to the cold tank is used to
produce steam in a Once-Through Steam Generator (OTSG). In both
processes, the oil flow rates are regulated by pumps so that the tanks’
temperatures remain at nominal levels, i.e., 205 °C for the cold tank
and 260 °C for the hot tank, throughout the whole operation [12]. The
steam produced in the OTSG enters a steam dome, where any liquid
droplets entrained in the steam flow are removed. Finally, the steam
can be used for various applications, depending on how the TES is
integrated into the NHES. For example, in the scheme in Fig. 8, the
energy storage system is used to perform electrical peaking, i.e., inject
additional steam in the LP turbine stage to increase the electrical output
of the system beyond its rated power [12].
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The following submodules were developed independently and then
connected to obtain the overall TES model: the IHX, the OTSG, the
sensible fluid loop, and the steam dome. For the IHX and the OTSG,
which are both shell-and-tube heat exchangers, the same modeling

10

strategy applied for the steam generator, shown in Fig. 3, was adopted.
In this case, the IHX model was further simplified by assuming that the
steam leaves the IHX as saturated liquid. In the OTSG, the Kandlikar
correlation was employed to model the evaporation process.

The sensible fluid loop model is displayed in Fig. 9. Since Therminol-
66 is not included neither in the ThermoPower library nor in the
Modelica Standard Library, it had to be defined as a new fluid, specify-
ing also the correlations to compute its thermophysical properties. The
sensible medium loop model includes the cold and hot tanks, as well as
two ThermoPower library components that allow the synthetic oil flow
rate to be imposed, eliminating the need to model pumps in the sensible
fluid loop. The tanks have been modeled simplifying ThermoPower’s
water-gas accumulator component by removing the contribution of
the gas to the model and by replacing the water fluid model with
the one for Therminol-66. Consequently, the mass and energy balance
equations have been adapted as presented in Appendix A.

It is worth noting that, as a first approximation, the pressure distri-
bution within the tanks is considered to be uniform, and heat dispersion
to the environment is neglected, even though the latter may be consid-
erable if a thermal insulation is not properly provided. These simplifi-
cations are justified as the proposed TES model, meant as a preliminary
representation, does not aim to provide an accurate description of the
system dynamics but rather to showcase the strategy for integrating an
energy storage system into different NHES architectures.

Four flanges serve as an interface between the sensible fluid loop
and the IHX and OTSG, where Therminol-66 flows in the heat exchang-
ers’ tube sides. Finally, the steam dome was modeled using the moisture
separator model, considering that these components have essentially
the same function.
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As shown in Fig. 9, a control strategy based on PID was used to
regulate the oil flow rate through the heat exchangers in order to keep
the tanks’ temperatures at their nominal value. In addition, a controller
was employed to determine the feedwater flow rate entering the OTSG
to satisfy a certain steam demand.

The model’s prediction capabilities were assessed by comparing the
simulation results with those obtained with a reference model included
in the HYBRID repository, which comprises a Modelica-based library
developed in the framework of the aforementioned Integrated Energy
System program [48]. The validation was performed as follows: the
parameters of the TES model proposed in this work were updated to
be the same as those of the reference case study, and the response of
the system was tested by imposing the same input variables, i.e., bypass
steam flow rate and steam demand. Lastly, the simulation outcomes of
the two models were compared in terms of sensible fluid flow rates both
in the charging and discharging phases, as well as tank temperatures
and discharged steam flow rate. Fig. 10 shows the comparison between
the Therminol-66 flow rates. The charging flow rate increases with the
bypass steam flow rate due to the higher amount of thermal power
transferred to the storage system, while the flow rate from the hot tank
to the cold tank is determined by the steam flow rate released from
the TES. In both processes, the sensible fluid flow rate is regulated to
keep the temperatures between the two tanks at their nominal values.
In general, the results obtained with the model exhibit good agreement
with the reference profiles, except in the first part of the charging
process: the flow rate predicted by the model is essentially proportional
to the bypass steam flow rate, while the reference curve reaches a
plateau. This is due to the fact that the flow rate in the latter instance is
regulated by a valve that limits the flow rate according to its maximal
opening. Moreover, the computed mass flow rates proved to be in
agreement with the operational constraints of the system, i.e., the tank
temperatures were kept at their nominal level and the steam demand
was met during the whole charging process.

4.4. Alkaline electrolyzer

The main objective of the alkaline electrolyzer model is to estimate
the amount of hydrogen that can be produced with a certain input of
electric power. To achieve this goal, as a first approximation, just the
electrolyzer stack was modeled, neglecting all the other components
required in a hydrogen production plant, such as the gas separators,
the hydrogen storage tanks, etc. These components form the plant
BOP, which is essential to capturing the dynamics of the system. As
the proposed model does not encompass this part of the hydrogen
production plant, it should be regarded as a preliminary tool and does
not aim to offer any insights into the dynamic behavior of the overall
plant.

A multi-physics model based on the work proposed by Hammoudi
et al. [49] was implemented in Modelica to simulate the electro-
chemical, thermodynamic, geometrical, and two-phase flow phenom-
ena occurring in the electrolyzer cell. This model allows computing
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overpotentials related to partial electrode coverage by gas bubbles, in
addition to ohmic and activation overpotentials:

4
act

U= Urey +Upe F Ve + vgub + Uliub + Vohm 3

These will contribute to the estimation of the potential difference
between the electrodes. This variable, together with the electric power
that drives the electrolyzer, allows computing the current flowing in the
electrolyzer, which in turn is proportional to the amount of hydrogen
produced.

The reference configuration taken in the latter study, which is also
adopted in this work, is that of the alkaline electrolyzer developed by
the Hydrogen Research Institute, whose single stack has a rated power
of 5 kW [49].

The resulting I-V curve, together with a comparison with the refer-
ence model [49], is shown in Fig. 11. Due to the different modeling
assumptions, e.g., the use of a constant electrical conductivity for
the electrode materials, the model overestimates the cell potential;
however, the outcomes are considered sufficiently accurate for the
purposes of the simulator.

5. NHES architectures

In a broad framework for the analysis of NHES, it is fundamental
to be able to easily assemble multiple NHES architectures starting from
the individual technologies collected in the new Modelica library. In
this way, it is possible to simulate the dynamic behavior of a large num-
ber of configurations, enabling the comparison of their performances
according to the boundary conditions.
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Table 4

Overview of the considered NHES architectures.

Architecture Interconnections Commodities

H, supply Electrical Electricity, hydrogen

TES for process steam supply

Process steam supply
Combined process steam — H, supply

Electrical, thermal
Electrical, thermal

Electricity, process steam
Electricity, process steam, hydrogen

TES for electrical peaking

Electrical peaking
Combined peaking — H, supply

Electrical, thermal
Electrical, thermal

Electricity
Electricity, hydrogen
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Fig. 11. I-V of the developed model compared to the reference model [49].

As aforementioned, the optimal NHES architecture resulting from
this analysis will be strongly dependent on the operational context. For
example, if the local energy mix features a large penetration of VREs,
it is reasonable to assume that the energy storage capacity of the most
suitable NHES layout will be higher in order to provide a higher degree
of flexibility to the electrical grid.

The following sections provide a description of the NHES architec-
tures obtained by combining the LW-SMR, the thermal energy storage
system, and the hydrogen production unit. The resulting architec-
tures, together with the types of interconnections and the commodities
produced, are summarized in Table 4.

5.1. Industrial process steam supply

In this first architecture, the thermal energy storage system is
coupled to the SMR and is used to deliver process steam to an in-
dustrial facility. The amount of steam as well as its thermodynamic
state depend on the requirements provided by the industrial facility
itself. In this work, the steam production capability of the system is
tested by imposing the conditions of a real-world example of nuclear
cogeneration for process steam production. The case of the Gosgen
nuclear power plant, in Switzerland, where 22 kg/s of steam at 13.7 bar
and 220 °C are supplied to a cardboard factory, is considered for
reference [10]. Throughout the 24-hour period, the steam demand is
assumed to remain constant.

The model in Modelica expands upon the fundamental design pre-
sented in Fig. 6. In this NHES, the steam extracted via the bypass valve
is diverted to the TES unit and drives the charging process. On the other
hand, the steam produced in the discharging process is delivered to
the industrial facility, represented by a flow sink. In addition to the
control system described in Section 4, meant to regulate the bypass
valve opening according to load demand, an additional control scheme
to determine the OTSG feedwater flow rate to meet the required process
steam conditions is also included.

12

5.2. Hydrogen supply

Integrating only the low-temperature electrolysis hydrogen produc-
tion unit into the NHES, the system features only electrical intercon-
nections, i.e., the steam produced by the SMR is entirely fed into the
turbine to be converted into electricity.

In this configuration, load demand is met by converting the whole
excess electricity into hydrogen through water electrolysis. To accom-
plish this, the number of stacks required to handle the maximum
difference between the electrolyzer’s rated power and the load demand
over a 24-hour period must be determined. It is important to note
that alkaline electrolyzers can be operated in a range limited to 15%-—
100% of their rated power [50]. In other words, a constraint that must
be taken into account while assessing the optimal operation mode of
the NHES is that the electrolyzer should always be supplied with a
minimum amount of electricity.

In the dynamic model of this configuration, the SMR is linked
with the power conversion system, eliminating the need to include the
bypass valve and its related control system. Furthermore, a simplified
control strategy is introduced to compute the excess power to be
delivered to the electrolyzer and ensure that the least amount of power
is fed to the hydrogen production unit.

5.3. Combined process steam and hydrogen supply

The NHES described in this section, whose implementation in Mod-
elica is depicted in Fig. 12, is composed of the SMR, the energy storage
system, as well as the hydrogen production unit. In this case, the steam
produced by the TES is also delivered to the industrial processes. In
this configuration, the excess energy can be allocated either to the
storage system or to the electrolyzer. This allows for the reduction of
the hydrogen production capacity with respect to the previous archi-
tecture, decreasing the required capital costs, for example. Therefore,
the electrolyzer size is assumed to be limited to 10% of the NHES rated
power, i.e., 17 MW.

At this point, it is necessary to introduce a dispatch strategy to be
able to allocate the energy flows in the NHES to the various subsystems.
In a comprehensive framework, the dispatch strategy will result from a
techno-economic optimization of the NHES operation. Since this kind
of analysis goes beyond the scope of this study, the energy dispatch
strategy is defined in advance. In particular, priority is given to meeting
a certain load demand. If excess power is available, it is first allocated
for hydrogen production. When it is higher than the electrolyzer capac-
ity, the charging process is activated, i.e., the electric power output is
reduced by modulating the opening of the bypass valve.

5.4. Electrical peaking

In this architecture, the service provided by the thermal energy
storage system is electrical peaking, i.e., the stored energy is employed
to produce additional electricity to satisfy load demand peaks. Fig. 8
depicts the TES integration scheme into the NHES: the steam produced
during the discharging process is fed into the LP turbine stage to
increase the system’s electrical output beyond its rated power. As a
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result, the size of the LP turbine stage must be altered in comparison to
previous architectures, as it must be able to cope with a larger steam
flow rate than the nominal level. Of course, installing a turbine char-
acterized by a higher rated power output has economic implications
that must be considered in the evaluation of the profitability of this
NHES layout. It is worth emphasizing that no additional commodities
are produced with this architecture, meaning that the NHES has access
only to the electricity market.

The control strategy applied to this design builds on the one de-
scribed for the earlier cases by introducing logic signals to activate
either the charging process, by regulating the bypass valve opening
when load demand is lower than the nominal power, or the discharging
process, by injecting additional steam into the power conversion system
and meeting demand peaks. This system is necessary to prevent the TES
from being charged and discharged at the same time, e.g., by meeting a
certain load demand by reducing the mass flow rate through the bypass
valve and simultaneously providing additional steam to the LP turbine.

5.5. Combined electrical peaking and hydrogen supply

The latter layout is extended to include the electrolyzer in the NHES.
As a result, the system, represented by the model displayed in Fig. 13,
will produce hydrogen as an additional commodity.

For this configuration as well, the dispatch strategy needs to be
defined in advance. Similarly to the energy dispatch presented in
Section 5.3, priority is given to meeting load demand while the excess
power is diverted for hydrogen production up to the electrolyzer’s
maximal capacity and then used for TES charging. During the electrical
peaking period, power is delivered both to the electrical grid and to the
electrolyzer, which is operated at its minimal level.
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5.6. Control strategies

The control strategies mentioned in the previous sections have been
summarized in Table 5. Overall, the purpose of the control schemes is to
adjust the controlled variable to meet demands, in this case in terms of
load and process steam, as well as to ensure that the NHES operation
complies with the system’s technical constraints, such as maintaining
operating pressures at nominal values.

The table provides an overview of the control systems for different
energy products; as described above, NHES architectures may com-
bine multiple subsystems, e.g., they might encompass process steam
supply or electrical peaking with hydrogen production, as discussed
in Section 5.3 and Section 5.5, respectively. Logical signals, which
are triggered when the controlled variables reach a given threshold,
and PIDs are included in the control strategies. The latter control
components were calibrated adopting a decentralized control scheme,
meaning that each controlled variable is regulated by a single process
variable.

If the NHES architecture combines two of the energy outputs listed
in the table, e.g., process steam supply and hydrogen production,
the overall control strategy is obtained by merging the corresponding
columns. For instance, in the latter NHES architecture, the electrical
power output will be regulated by employing a fraction of the ex-
cess electrical power for hydrogen production and by controlling the
bypassed mass flow rate.

6. Scenarios
The five NHES architectures were tested with different boundary

conditions in terms of load demand over a 24-hour period. As discussed
in Section 2, these scenarios are just meant to evaluate the response of
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Process variable Controlled variable

Control strategies for different cogeneration options

H, Process steam Electrical peaking
SMR pressure Sprayers, heater Logical Logical Logical
Turbine inlet pressure Admission valves opening PID PID PID
Tank temperatures Sensible fluid flow - PID PID
Process steam flow TES feedwater flow - PID -
Electrolyzer power Excess electrical power Logical - -
Electrolyzer temperature Electrolyte flow PID - -
Bypass valve opening - PID PID, logical (charging)
Electrical power output TES feedwater flow - - PID, logical (discharging)
Excess electrical power Logical - -
—— Demand —— Demand
180t~ SMR rated power i 180 - — Net demand |
[_]Grid supply - - SMR rated power
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(a) Baseline scenario.

(b) High PV penetration scenario.

Fig. 14. Scenarios considered to test the NHES architectures.

the system. In the context of NHES analysis, employing faithful models
for this assessment can offer valuable insights into the system ability
to provide flexibility to the grid. For instance, it enables verifying
whether the configuration can effectively allocate energy flows to cope
with varying loads and meet ramping-up requirements by comparing
the results with the constraints on ramping rates of the considered
components. The two scenarios considered in this work are shown in
Fig. 14. The reference load profile is that of a typical summer day [51]:
it features a rapid ramp-up in the morning, due to the activation of
household and industrial appliances, before reaching a peak in the
afternoon.

The reference demand was rescaled to be in compliance with the
power output that can be actually provided by the NHES architectures,
which differs according to the service provided by the thermal stor-
age unit. When it is used to supply process steam to the industrial
facility, the electric power output is limited to the SMR’s rated power,
i.e., 170 MWe. On the other hand, a different rescaling factor must be
used when the TES allows for meeting higher demand peaks; in this
case, the maximal power output is set 20% higher than the rated power
of the system.

The second scenario aims to account for a significantly higher
penetration of VRESs, in particular solar power. The net load profile is
obtained by subtracting the solar power output, which is proportional
to both a factor accounting for the installed capacity of solar PVs and
the Direct Normal Irradiation (DNI) to consider the variability of solar
intensity throughout the 24-hour period.

It is important to note that, despite these time series stemming from
real load profiles, these conceptual scenarios are intended just to test
the dynamic behavior of the system and are not meant to represent a
real-life situation, since the actual flexibility requirements of the NHES
depend on the share of all generators in the local energy mix and its
projected future evolution.
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7. Results

The simulation outcomes obtained by testing the proposed NHES
architectures with the aforementioned scenarios are presented in this
section. Table 6 collects the energy allocated to each NHES component
in the two case studies. The values were obtained by integrating the
power flows over the whole period of interest, i.e., 24 h. This kind
of outcome might be useful for an economic evaluation of the NHES
architectures, since revenue streams can be associated with each en-
ergy product. To provide a basis for comparison, the table includes
a scenario where the load demand is met through conventional load
following, i.e., by regulating the thermal power output of the reactor
by means of control rods. The resulting SMR power was obtained by
adjusting the electric power output with the thermal efficiency of the
SMR, assumed to be 31.48%. It is worth mentioning that the thermal
energy produced by the SMR is the same in each case study considered
in this work. This is related to the fact that the reactor is operated in
load following by cogeneration, so the thermal power output remains
steadily at its nominal value in each transient. On the other hand,
this variable is considerably lower in the case of conventional load
following, especially in the high PV scenario, implying that the reactor
may experience the aforementioned drawbacks related to its flexible
operation.

The electrical energy supplied to the grid in the baseline scenario
appears to be different in the first three configurations, despite the fact
that the load profile is the same. According to this finding, the load
demand in some case studies may not be fully met. This occurs due
to the constraint of minimal electrolyzer power: when the hydrogen
production unit is coupled to the system, a portion of the electric
power output must be allocated to this subsystem, so the remaining
part might not be sufficient to meet load demand. This is not the case
in the high PV scenario, where net grid demand is significantly lower
due to the contribution of solar power. As far as the grid, steam, and
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Table 6
Energy dispatch for the two scenarios.
Architecture SMR Charging Grid Steam Hydrogen Efficiency
(GWhy,) (GWhy,) (GWhy)) (GWhy,) (GWhy,) (%)
Baseline scenario
Conventional load following 10.74 - 3.38 - - 315
H, supply 12.96 - 3.22 - 0.59 29.4
Process steam supply 12.96 2.27 3.38 1.08 - 34.4
Combined process steam — H, supply 12.96 1.45 3.27 1.08 0.2 35.1
Electrical peaking 12.96 1.35 3.93 - - 30.3
Combined electrical peaking — H, supply 12.96 0.91 3.93 - 0.13 31.3
High PV scenario
Conventional load following 9.15 - 2.88 - - 315
H, supply 12.96 - 2.88 - 0.82 28.5
Process steam supply 12.96 3.41 2.88 1.08 - 30.6
Combined process steam — H, supply 12.96 2.26 2.88 1.08 0.27 32.6
Electrical peaking 12.96 1.93 3.45 - - 26.6
Combined electrical peaking — H, supply 12.96 1.06 3.45 - 0.21 28.2

hydrogen are concerned, the energy embedded in these commodities
is considered to account for the downstream energy product. For this
reason, energy related to hydrogen is not computed with the electric
power flows allocated to the electrolyzer but by multiplying the amount
of hydrogen produced by its lower heating value. In this way, it is
also possible to account for the electrolyzer’s efficiency. The efficiencies
of each configuration in the two scenarios are determined based on
the total energy output, which includes the energy supplied to the
grid as well as the energy generated in the form of process steam
and hydrogen, relative to the thermal energy supplied by the SMR.
In the baseline scenario, the only configurations that feature a higher
efficiency compared to conventional load following are those in which
process steam is supplied as an additional commodity. This can be
attributed to the fact that the thermal energy generated by the reactor is
initially stored in the TES unit and then discharged directly as thermal
power, foregoing energy transformations that would result in inevitable
losses. Power conversion occurs when the energy produced by the reac-
tor is converted into electricity and, subsequently, hydrogen. When the
TES is integrated as an electrical peaking unit, the system experiences
a loss in efficiency, suggesting that the intermediate storage process
introduces additional losses, which might be eventually reduced by
exploring different TES integration options. It is worth noting that the
power allocated for TES charging is not considered when calculating
the system efficiency since it is not regarded as a valuable energy
output of the system. Consequently, case studies with higher thermal
power diverted to the TES, particularly in the high PV scenario, exhibit
lower efficiency. Overall, the computed values are affected by the
assumptions adopted for the implementation of the model, such as the
“open cycle” hypothesis applied to the BOP. A more representative
model might change the dynamics of the system and thus the energy
dispatched between the subsystems.

The following sections summarize the results obtained in the con-
figurations comprising the three technologies presented in this work,
namely, the layouts in which the SMR is coupled to the thermal energy
storage system, used for process steam supply or electrical peaking, and
the hydrogen production unit, as representative examples of simulation
outcomes.

7.1. Combined process steam and hydrogen supply

The simulation outcomes presented in this section were obtained
by testing the configuration depicted in Fig. 12 and described in Sec-
tion 5.3. In this particular setup, hydrogen is produced as an additional
commodity, and the TES unit is employed to supply process steam to
an industrial facility.

The system response in the baseline scenario is illustrated in
Figs. 15(a) and 15(b). Fig. 15(a) displays how the reactor’s thermal
power, which remains constant at the nominal value of 540 MWth,
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is distributed among the storage system and the BOP according to
load demand. Additionally, throughout the 24-hour period, a constant
contribution increases the thermal power output of the system, which
is related to the continuous supply of industrial process steam produced
by the thermal power released by the TES. It is important to note that
in this application, thermal power is not converted into electricity;
hence, the latter contribution is not present in Fig. 15(b). The electrical
power flows in Fig. 15(b) reveal that a portion of energy is converted
into hydrogen. However, it can be observed that the load demand
is not satisfied when it reaches its peak due to the minimal power
required by the electrolyzer. This outcome is strongly dependent on
the dispatch strategy, the NHES layout, and its operation strategy. For
example, this issue could be overcome by operating the electrolyzer in
hot standby during this period, i.e., keeping the device at its operational
temperature but without powering it.

Similar observations can be made in the high PV scenario, for which
the thermal and electrical power flows are depicted in Figs. 15(c) and
15(d), respectively. In contrast to the previous scenario, the signifi-
cantly lower load demand compared to the rated power enables the
electrolyzer to operate steadily at full capacity. This finding suggests
that, in contexts where load demand is low, increasing the electrolyzer’s
capacity could be advantageous in order to convert the excess power
into a valuable product, such as hydrogen or process steam, rather than
storing it in the TES unit.

It is worth noting that the TES state of charge at the end of
the transient does not always correspond with the initial charge, as
the level of power input and output is determined by the operating
requirements in the examined scenarios. Specifically, the power flows
in Fig. 15 and the values for charged energy and steam energy in
Table 6 demonstrate that the level of energy stored in the TES is much
higher than that discharged from the storage system.

7.2. Combined electrical peaking and hydrogen supply

In the second NHES configuration, described in Section 5.5, the TES
unit is used to enhance the flexibility of electrical power production
and increase the overall power output of the system. In this setup,
TES discharging is triggered when the load demand exceeds the rated
power. As aforementioned, in this case study the load demand that
needs to be satisfied by the NHES is increased to reach an electrical
peak that is 20% higher than the nominal power in order to fully
appreciate the discharge process.

The simulation results for the baseline scenario, depicted in
Figs. 16(a) and 16(b), show that a significant amount of thermal energy
is released during the discharging process to increase the electrical
power output. However, the achieved thermal efficiency, computed
as the ratio of energy delivered to the grid during the peak to the
discharged thermal energy, is approximately 19%. This value is consid-
erably lower than the steam cycle efficiency of 31.5%, suggesting that
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Fig. 15. Thermal and electrical power flows in the combined process steam and hydrogen supply architecture.

injecting additional steam into the LP turbine when electricity demand
is high is not an efficient solution. Thus, it becomes worthwhile to
explore alternative integration options. Additionally, Fig. 16(b) illus-
trates that the power allocated for driving the electrolyzer aligns with
the aforementioned dispatch strategy, minimizing hydrogen production
during the electrical peak and maximizing it when the load demand is
low.

As shown in Figs. 16(c) and 16(d), in the high PV scenario, the
peaking requirements are significantly reduced compared to the pre-
vious example, leading to a different state of charge at the end of the
transient. As a result, the discharge process is activated for a short time
to meet the demand peak and provide the minimum power required by
the electrolyzer.

8. Conclusions

In this work, dynamic models of NHES components were developed
and assembled into a variety of NHES architectures. As representative
examples of candidate technologies, a LW-SMR, together with its en-
ergy conversion system, a thermal energy storage unit, and an alkaline
electrolyzer, were selected. The architectures were tested by analyzing
their response to different boundary conditions in terms of load and
process steam demand. In particular, two different load profiles were
considered in order to account for load demand whose time behavior is
characterized by a different degree of penetration of variable renewable
energy sources in the energy mix.

The simulation outcomes demonstrated that the dynamic models
proved to be capable of meeting their goals, i.e., they allowed for
the monitoring in time of the process variables, keeping track of the
energy flows within the system, and implementing control strategies
to govern the dynamic behavior of the system. The NHES models are
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used to assess the system response to variable load demands in each
scenario with different flexibility requirements. The high PV scenario,
in particular, features significant load fluctuations and ramping require-
ments, as well as a net demand that must be met by the NHES that is
significantly lower, resulting in higher excess energy to be allocated
to the thermal energy storage system and to the electrolyzer. For this
reason, it might be convenient to increase the storage and hydrogen
production capacity, which would additionally lead to an increase in
the flexibility that can be provided to the grid. The preliminary analysis
of the NHES architectures revealed that having process steam as a valu-
able commodity significantly enhances overall efficiency. Conversely,
the electrical peaking configurations exhibited a loss in efficiency. This
reduction can be attributed to the selected integration method of the
TES unit into the NHES. To further extend the analysis, energy and
exergy analyses could be conducted to explore alternative coupling
strategies and identify the optimal approach for coupling TES systems
into a NHES.

The simplifications employed during the development of the models
must be acknowledged, as they limit the ability to effectively forecast
the dynamic behavior of the entire system. This limitation is partic-
ularly evident in the case of the BOP model, where a comprehensive
representation of the steam cycle is necessary to capture the impact
of variable steam extraction on the transient behavior of the system.
Furthermore, the absence of thorough model validation for the E-SMR
and BOP models does not allow for insights into their accuracy. Hence,
future validation efforts are required to ensure the reliability of models
developed to simulate the dynamics of NHES components. Overall, the
dynamic models proposed in this study should be viewed as preliminary
tools that need to be improved both in terms of system design and
modeling approach. For the first aspect, thorough sizing procedures
based on technical and economic considerations should be included
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Fig. 16. Thermal and electrical power flows in the combined electrical peaking and hydrogen supply architecture.

for the design of the steam generator, the BOP, and the storage tanks
and electrolyzer capacities. Relaxing the simplifying assumptions on
which the models rely will considerably strengthen their prediction
capabilities. For example, including pressure drops and primary coolant
pumps in the SMR model will improve the description of the flow
dynamics within the system. Moreover, the BOP model needs to be
extended, including the components required to close the steam cycle
model. As far as the non-electric applications are concerned, the TES
should be improved by acting on the simplifying assumptions used to
model the sensible medium loop, for example, while additional efforts
should be dedicated to modeling the whole hydrogen production unit,
and not only the electrolyzer stack, to gain a complete insight into the
dynamics of the plant.

The approach proposed in this work can be seen as a first step
towards the development of a wider framework for the analysis of nu-
clear hybrid energy systems. Modelica, as an object-oriented modeling
language, proved to be particularly well suited for these applications
because it allowed for simple model interchangeability. In this way,
it is possible to focus on the dynamic modeling of the individual
components and assemble them into many possible NHES combina-
tions through a plug-and-play philosophy in a subsequent stage. In
order to be able to build multiple NHES configurations, eventually
tailoring them to the operational context, it is necessary to add more
technologies, in terms of energy sources, storage systems, and electrical
and non-electrical applications, to the developed Modelica library.
Ultimately, the dynamic models constructed with the methodology pro-
posed in this work should be viewed as tools to be coupled with system
optimization techniques as well as thermal-hydraulic system codes to
assess the overall safety of the system, for example by substituting the
dynamic model of the SMR with a high-fidelity model to determine the
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system response in accidental scenarios. A comprehensive framework
for the analysis of NHES is fundamental to being able to compare
different architectures, highlight the advantages and drawbacks of this
alternative with respect to other energy sources, and estimate their
potential for the transition towards a sustainable energy system.
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Appendix A. Main governing equations

See Tables A.7 and A.8.
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Table A.7
Main equations of the components of the ThermoPower library and utilizations in the NHES models [25].
Component Applications Equations
dM . .
= My, = Mgy,
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Table A.8
Main equations of the NHES subsystem components.
Component Equations
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Appendix B. PID controllers

The control systems discussed in this study predominantly employ
PID control algorithms, widely adopted across a broad range of in-
dustrial applications [52]. These controllers calculate the controlled
variable by considering the error between the process variable and a
given setpoint, according to the following equation:

de(t)

T (B.1)

ut) = K,e() + K; / e()dt + K,

where u(?), is the controlled variable, e(¢) the error and K,, K; and
K, the controller parameters. The first term of Eq. (B.1) is directly
proportional to the error, whereas the second and third terms account
for the integral and derivative of the error, respectively. In particular,
the last term becomes significant when the reference signal fluctuates
at high frequencies. However, given that this is not the case in opera-
tional transients of nuclear power plants, this term was omitted in this
work [53].

The gains K, and K; were determined using the PID Tuner appli-
cation within the MATLAB Control System Toolbox. This tool provides
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PID gains for single-input single-output linear models, which are not
applicable to the structure of the Modelica models presented in this
study. Thus, a decentralized control strategy was adopted, with each
PID controller independently tuned based on its corresponding pro-
cess and control variable. Then, the model was linearized within the
Dymola® environment and exported to the PID Tuner application.

In the context of NHES analysis, it is essential to recognize that a
decentralized control strategy has several limitations. When PID con-
trollers are tuned independently, interactions between different control
loops will not be captured, which may have strong implications in
highly interconnected systems like NHES. It is therefore worthwhile
exploring other control approaches that may prove to be more suited
for these systems.

The resulting control parameters are summarized in Table B.9. Due
to the magnitude of the controlled variables, namely 10° Pa and 10°
W, respectively, the pressure and power controllers show relatively
small gains. On the other hand, the parameters for LP turbine admission
valve controllers are substantially higher compared to those for the HP
turbine, indicating faster control response. Generally, higher K, values
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Table B.9
Overview of PID controller parameters.
Controller Process variable Controlled variable K, K;
Balance of plant
HP turbine admission valve Inlet pressure Valve opening -7.5%x 1078 —4.3x 1077

LP turbine admission valve Inlet pressure Valve opening -8.7x 1073 -2.58
Bypass valve Electrical power Valve opening -5x 107 -1x107
Thermal energy storage

Cold-to-hot tank flow Hot tank temperature Sensible fluid flow -7.6 -0.7
Hot-to-cold tank flow Cold tank temperature Sensible fluid flow 1.3 0.01
Process steam flow Released power TES feedwater flow 1.7x 1077 2.1x 1078
Peaking power Peaking power TES feedwater flow 1.1x 1077 49x 1078
Electrolyzer

Electrolyzer temperature Electrolyzer temperature Electrolyte flow -56 —-0.42

lead to more aggressive responses to deviations between measured and
setpoint values, while a larger K; places greater emphasis on corrective
action for accumulated errors.
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