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Abstract: To achieve the decarbonisation goal by 2050, nuclear energy can be a useful
element for the future energy mix, complementing intermittent renewable sources. Ad-
ditionally, heat from the core can be used for cogeneration, aiding the decarbonisation of
several energy sectors. In this context, Small Modular Reactors (SMRs) are being studied
when introduced in Nuclear–Renewable Hybrid Energy Systems for cogeneration appli-
cations. However, nuclear cogeneration with SMRs is still an emerging area of study,
requiring careful considerations regarding technical, safety, and economic aspects. Euro-
pean research initiatives, such as the TANDEM project, are exploring the integration of
light–water SMRs into hybrid systems. This paper investigates the impact of cogeneration
transients on the primary system of an SMR using a novel coupling approach. For this
scope, the thermal–hydraulic system code CATHARE 3 and the dynamic modelling lan-
guage MODELICA are adopted. Three transient scenarios were analysed: cogeneration
transitions, core power variations, and thermal load rejection. The results achieved provide
insights about the robustness of the numerical coupling and the primary system response
to cogeneration-induced transients. As a matter of fact, the analysis shows that the reactor
system is mildly influenced by cogeneration changes, and the findings suggest future
improvements for both the coupling methodology and modelling assumptions.

Keywords: SMRs; hybrid energy systems; code coupling; CATHARE 3; MODELICA; FMI;
nuclear safety

1. Introduction
In order to mitigate the severe consequences that climate change could bring to our

planet if the average global temperature increases beyond 2 ◦C [1], 196 parties chose to
sign the Paris Agreement on climate change in 2015, committing to strategies aimed at
limiting the global average temperature rise to below 1.5 ◦C compared to pre-industrial
levels [2]. To achieve this goal, a massive decarbonisation process of the energy sector must
be undertaken, aiming to achieve a net-zero carbon energy mix by 2050 [3]. According to
several scenarios described by the International Energy Agency (IEA) [3], a widespread
adoption of renewable energy sources (RES), the electrification of different energy sectors,
and an increase in the energy efficiency of the energy users would be the best pathway to
achieve the net-zero goal.

Nevertheless, the envisaged increase in the electricity demand caused by both the
increase in world population [4] and the electrification of some energy sectors could
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bring about several issues in the electricity infrastructures and more globally in energy
security. Moreover, electricity production accounts for only a portion of the global carbon
emissions [5], whereas there are some intensive thermal energy users, e.g., the steel industry,
which are hard to decarbonise and/or to completely electrify. In this regard, the need of a
stable and carbon free energy source, e.g., nuclear energy [6], could bring different benefits
to the future energy mix. In particular, nuclear energy could be used to supply low carbon
energy for the electricity baseload demand, thus constituting a backbone of the future
electrical grid [7], helping to limit the stress induced on the grid due to a widespread
adoption of intermittent energy sources. Moreover, the adoption of a stable baseload
energy source would also mitigate the high grid costs needed for grid balance components
(e.g., frequency control systems [8]), electricity storages, and backup sources to supply the
demand during the peak hours [9].

Besides favouring the stability of the grid, nuclear energy will also help to decarbonise
hard-to-abate sectors through the cogeneration of thermal power or, alternatively, to pro-
duce other valuable products. In fact, nuclear cogeneration can be used to produce thermal
power at different temperature levels [10] depending on the reactor technology, which can
potentially provide heat to supply civil district heating [11], water desalination plants [12],
and paper production (i.e., low temperature heat). Nuclear reactors belonging to genera-
tion IV, instead, have the potential to produce thermal heat to supply different chemical
industries, e.g., ammonia production [10] or high temperature electrolysis processes, which
commonly require higher temperatures than the one provided by light–water reactors
(LWRs). The cogeneration of thermal power, moreover, besides potentially enhancing
the flexibility of the nuclear power plant by adopting a load-following strategy including
cogeneration [13], could also help to mitigate other issues that are foreseen to be crucial in
the future, e.g., fresh water shortages [1] and the adoption of hydrogen as fuel, aiming to
decarbonise the transportation sector and some hard-to-abate industrial processes [3].

In the frame of nuclear cogeneration, Small Modular Reactors (SMRs) have gained
increasing attention during the past years due to their advantages in terms of modularity,
flexibility, and potentially higher safety. The use of SMRs in cogeneration environments
brought about the concept of Nuclear–Renewable Hybrid Energy Systems (N-R HES) [14],
in line with the scenarios envisaged by different international agencies about possible
future decarbonised energy mixes [3,15]. However, hybrid energy systems pose different
issues from technical, economical, and safety viewpoints, which need particular atten-
tion and assessment to facilitate their future development. For instance, the coupling
between a nuclear power plant and a general heat user must be evaluated from both
technical and safety standpoints. It must be demonstrated, in fact, that the safety of the
nuclear source is not compromised by the adoption of cogeneration [16]. In the European
research panorama, several initiatives were carried out regarding nuclear cogeneration,
e.g., the EUROPAIRS [17], NC2I-R, and GEMINI [18], which focused on cogeneration
with high-temperature gas reactors. Regarding light–water technology, instead, the TAN-
DEM EURATOM project [19] aims to assess the techno-economic feasibility of adopting
light–water SMR (LW SMR) in hybrid energy systems. In this regard, one of the goals of
the TANDEM project is to develop tools for assessing the safety of nuclear cogeneration
with LW SMRs.

In this context, the present paper describes the results of a work conducted within
the framework of the TANDEM project concerning the development of a code-coupling
methodology between a thermal–hydraulic system code, namely CATHARE 3 [20], and a
dynamic modelling language, namely MODELICA [21], with the final goal of achieving
a useful tool to perform safety analyses of nuclear cogeneration. The main idea behind
the code coupling is to leverage the strengths of the two codes, i.e., the wide validation
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and assessment of CATHARE 3 to perform nuclear safety analyses and the great flexibility
and reusability of the MODELICA language, especially when adopted to model complex
systems. Being the development of a MODELICA library for N-R HES modelling one of the
goals of TANDEM [19], a model of the reference design of LW SMR was developed with
the CATHARE 3 code and then a coupling methodology was initially assessed between the
two codes [22]. The code coupling was performed by means of the Functional Mock-up
Interface (FMI) tool [23]. The present numerical coupling, performed using the commercial
software Dymola 24x [24], was used to assess three meaningful transients involving nuclear
cogeneration, both to assess the robustness of the coupling and to achieve preliminary
information about the response of the primary system to such scenarios. The paper is
structured as follows:

• Section 1 describes the two adopted models, i.e., the SMR primary circuit developed
with CATHARE 3 and the BOP model belonging to the TANDEM open source MOD-
ELICA library [25,26];

• Section 3 provides information about the adopted philosophy for coupling the two
codes and the numerical coupling scheme developed via Dymola 24x using the Mod-
elica Standard Library [27];

• Section 4 describes the addressed transient scenarios and the rationale behind their
choice;

• Section 5 briefly illustrates the results of the coupled analyses;
• Section 6 draws relevant conclusions and highlights the future perspectives of

the work.

2. Description of the Adopted Models
In this chapter, the two models involved in the code coupling are described, aiming to

sketch their general features, including the main assumptions at their basis. The reference
design of SMR plant considered by the TANDEM project takes inspiration from an academic
concept of LW SMR, namely the European Small Modular Reactor (ESMR), which is one of
the outcomes of a former European research project called ELSMOR [28]. The BOP model,
instead, is one of those belonging to the TANDEM MODELICA library [26], which includes
several models, also developed in the framework of the TANDEM project, of different
components of a N-R HES.

2.1. CATHARE 3 ESMR Model Description

The adopted ESMR model was developed with CATHARE 3 (v. 2.1), within the
TANDEM project framework, based on an already available dataset (described in [29])
coming from a former European activity called ELSMOR. The ESMR conceptual design
takes inspiration from the French integral LW SMR concept called NUWARD [30]. A
detailed description of the ESMR model developed with CATHARE 3 can be found in the
related public project deliverable [29]. In this paper, therefore, only the main characteristics
of the ESMR are highlighted, referring the reader to the project deliverable for a more
detailed description.

The ESMR is an integral type LW SMR composed of eight compact steam generators
(CSG), six for normal operation conditions, and two conceived as safety features and named
safety compact steam generators (SCGS). Each CSG is designed as a once-through plate
heat exchanger with rectangular channels both for the primary and secondary side, used to
produce superheated steam. The cooling of the core is made by forced circulation through
six primary pumps, i.e., one per each CSG outlet. The SCSGs, instead, are designed to work
under natural circulation to dissipate the decay heat from the core to a secondary safety
circuit, also driven by natural circulation, which in turn exchanges heat with a tertiary
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circuit that discharges the accumulated thermal energy in a water pool that has the function
of the ultimate heat sink. A layout of the primary circuit nodalisation developed with
CATHARE 3 is shown in Figure 1, where the above-mentioned safety circuits are also
represented together with the imposed nominal boundary conditions. Table 1, instead, lists
the main parameters of the ESMR during nominal conditions.
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Table 1. Nominal conditions of the ESMR (source: [29]).

Parameter Value

Primary Side

Core Thermal Power (MW) 540
Inlet Core Temperature (◦C) 300

Core Coolant ∆T (◦C) 24.5
Core Coolant ∆p (MPa) 0.58

Pressuriser Pressure (MPa) 15
Coolant Mass Flow Rate (kg/s) 3700

Secondary Side

Feedwater Temperature (◦C) 163
SH Steam Temperature (◦C) 300

Outlet Pressure (MPa) 4.5
Coolant Mass Flow Rate (kg/s) 240

In the present model of the ESMR, the control systems described hereafter
are implemented:

• Primary pressure control system, obtained through a spray valve and an electrical
heater embedded in the pressuriser. The spray valve was modelled such that the
enthalpy of the sprayed water is equal to the one achieved in the first node of the
downcomer, where the feeding line is supposed to be connected, whereas the heater is
considered simply as a point heat source.

• Average core coolant temperature control system, implemented by means of control
rods. The control rods were modelled as an external reactivity source, in line with the
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fact that CATHARE 3 solves a point core kinetic equation. Therefore, the details of the
movement of the control rods and of their axial effects were neglected in the present
model. In particular, the control rod reactivity insertion was implemented following a
proportional–integral (PI) control function as the one reported in Equation (1), where
t∗ is the time at which the control takes place and kP and kI are the proportional and
integral gains, respectively.

rext(t) = kPe(t) + kI

t∫
t∗

e(t)dt (1)

In Equation (1), the error e(t) is the deviation of the average core coolant temperature
from its setpoint, as defined in Equation (2). Moreover, a dead band of ± 0.5 ◦C was
imposed on the control rods, i.e., the control rods are activated only if |e(t)|> 0.5 ◦C.

e(t) = Tcore(t)− Tcore,sp (2)

To consider the core neutronics, the delayed neutron precursors parameters listed in
Table 2 were introduced in the ESMR model. In this regard, it must be mentioned that
the reference values of the delayed neutron fraction and decay constant of each precursor
were taken as the ones implemented in the MODELICA model of the ESMR developed
within the TANDEM project [25]. In fact, since the neutronic parameters introduced in the
MODELICA library [26] are the result of a preliminary neutronics assessment carried out
by the partners involved in the related modelling, they were considered as reference for the
performed analyses.

Table 2. Neutronic parameters implemented in the ESMR CATHARE 3 model.

Group βi (-) λi (s−1)

1 1.66·10−4 0.0125
2 1.02·10−3 0.0314
3 9.63·10−4 0.1102
4 2.72·10−3 0.3209
5 8.95·10−4 1.3280
6 2.89·10−4 3.01

TOT. 6.053·10−3 -

In the adopted model, the radial power distribution in the core was assumed to be
uniform (i.e., there is no distinction between hot and cold channels). However, the axial
distribution of the power was imposed equal to the one of a generic Pressurised Water
Reactor, coming by default with the CATHARE 3 code. The axial power distribution,
moreover, was taken as reference to approximate the axial weighting of the contributions
to the two reactivity feedbacks, i.e., Doppler and moderator density. In particular, the
moderator reactivity feedback weighting was considered equal to the core power axial
distribution, whereas the Doppler one was considered proportional to the square of the
power, a result that comes from the perturbation theory applied to neutron diffusion
problems (see, e.g., [31]). Figure 2 shows the trends of the weighting functions of the
moderator and Doppler reactivity feedbacks.
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It must be mentioned that the CATHARE solver performs the normalisation of the
weighing functions during the calculation automatically. Boron reactivity effects were not
considered, since the present design of SMR does not conceive it as part of the reactiv-
ity control of the coolant [25]. The total reactivity coefficients, instead, were considered
equal to those already available in the CATHARE 3 code for a common PWR, which are
0.301·$/◦C1/2 and 6.62·10−2 $·m3/kg for the Doppler and moderator feedbacks, respec-
tively. In this regard, it must be mentioned that the adoption of core data coming from a
common PWR was dictated by the fact that neutronic data specifically related to the ESMR
design were still missing at the time the present work was being carried out.

2.2. MODELICA BOP Model Description

The considered BOP model belongs to the TANDEM MODELICA library [25]. As
indicated in Figure 3, it represents a quasi-static model of secondary system components
belonging to the ThermoSysPro MODELICA library [32], which are only described by
lumped parameter equations. The water thermophysical properties considered by the
ThermoSysPro library are those belonging to the IAPWS-IF97 standard database [33].
The BOP modelling features are described in the related public project deliverable [25].
However, some of its main features are also described in this section for the sake of
completeness. The present BOP model is very similar to a conventional steam cycle: it
involves three steam turbines, i.e., high, medium, and low pressure, and a steam re-heater
placed between the high and the medium pressure turbines. The steam turbines follow a
Stodola ellipse law for the mass flow rate–pressure relation. After the low-pressure turbine,
there is the condenser (that is the cold sink of this thermodynamic cycle) and two feedwater
preheaters supplied by steam spilled from the turbines, modelled as lumped parameter
heat exchangers (HX). A degasifier is introduced between the two feedwater pre-heaters,
here considered as a simple volume tank. Two centrifugal pumps are considered, i.e., the
condensate extraction pump, placed just after the condenser, and the high-pressure pump,
which pressurises the feedwater to be injected into the steam generators. In Figure 3, the
BOP layout is shown, where the connectors used to couple the BOP with the secondary
side of the steam generator, modelled by CATHARE 3, are also highlighted; they will be
used in translating the BOP model into FMU by means of related input/output ports also
belonging to the ThermoSysPro MODELICA library [32].
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The only difference this model has with respect to a conventional BOP for electricity
production is the steam bypass line placed after the high-pressure turbine, which allows
the extraction of steam, to be sent into another block, modelling the cogeneration sector of
the BOP. The coupling between BOP and the cogeneration section is made through related
connectors, also highlighted in Figure 3. The extracted steam, once condensed, is again
introduced in the steam cycle in saturated liquid state in a control volume placed just
before the HP pump, as indicated in Figure 3. The cogeneration sector, shown in Figure 4,
contains a heat exchanger, which takes the place of the heat exchanger used to supply
thermal power to a heat user coupled with the nuclear power plant. The cogeneration
HX is an ideal condenser, i.e., the outlet flow is always considered at saturated liquid
state no matter the inlet conditions. The steam mass flow rate extracted from the BOP is
controlled by the cogeneration control valve (CCV) shown in Figure 4, which is governed
by a proportional–integral (PI) controller. In fact, the CCV controller aims to make the
thermal power exchanged by the cogeneration HX follow the one imposed as a boundary
condition, i.e., the thermal load demand of the heat user.
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In the present BOP model, other PI control systems were introduced, including
the following:

• Main steam line control system: PI controller which commands the high-pressure
turbine inlet valve (indicated with V1 in Figure 3) to maintain the main steam line
pressure at its setpoint value.

• Medium and low-pressure turbine inlet pressure control system: PI controllers that
command the opening of valves V2 and V3 to control the pressure at the inlet of the
medium- and low-pressure steam turbines, respectively.

• Re-heater steam mass flow rate controller: PI controller which controls the steam
temperature at the outlet of the re-heater (i.e., inlet of medium pressure turbine) acting
on the valve V4.

• High-pressure pump rotational speed controller: PI controller which varies the rota-
tional speed of the high-pressure pump (i.e., the feedwater mass flow rate entering the
CSG) to keep the steam temperature constant.

• Low-pressure pump rotational speed controller: PI controller which controls the
water pressure at the inlet of the degasifier by varying the rotational speed of the
low-pressure pump.

3. Description of the Coupling Strategy
The coupling between the two considered codes, i.e., CATHARE 3 and MODELICA,

was performed by adopting the Functional Mock-up Interface (FMI) tool [23]. In this case,
FMIs for co-simulation are used, i.e., the FMIs embed the solver within the model [23]. In
order to allow for the coupling between two models through FMI, their translation into
Functional Mock-up Units (FMU) is necessary. In this regard, it must be mentioned that
the BOP FMU was generated by embedding the CVODE, available in the package, as the
reference solver.

The MODELICA model of BOP, described in the previous section, was translated
into FMU by using Dymola 24x [24], a commercial environment used to run simulations
with MODELICA models. For the CATHARE 3 model, instead, a different procedure was
adopted to perform its translation into FMU, which involved the adoption of a C++ classes
library, namely Interface for Codes Coupling (ICoCo) [34], and an executable shell file called
ICoCo2FMI [35]. Moreover, a JSON (JavaScript Object Notation) file is needed to define
the variables to be extracted by the CATHARE 3 model and be set as input/output on the
generated FMI for the coupling. By running ICoCo2FMI using ICoCo as reference library
for the translation, therefore, the CATHARE 3 model is translated into FMU and the related
FMI is built, having as input and output variables those indicated in the above-mentioned
JSON file. The translation procedure is explained in greater detail in a previous work [22];
however, Figure 5 summarises in a sketch the procedure used for the CATHARE 3 model
translation. It must be mentioned that the present translation procedure only works with
CATHARE 3 v3.1 or more recent versions of the code.

Following the rationale adopted for the modelling of the primary and secondary loops,
a fluid coupling is selected for this application as a novel choice, meaning that the two
models of primary and secondary side are made to exchange fluid boundary conditions
during the co-simulation, instead of a mere heat transfer power. In fact, given that the
entire CSG is modelled by CATHARE 3, including primary and secondary fluids (see again
Figure 1), the imposed boundary conditions (i.e., feedwater mass flow rate, feedwater
enthalpy, and steam pressure) are adopted to couple it with the BOP model, thus receiving
and injecting the calculated fluid flows. With this choice, the ESMR imposes to the BOP
fluid boundary conditions, calculated based on its internally computed variables, in terms
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of steam mass flow rate and enthalpy and feedwater pressure, thus achieving a numerical
coupling such as the one illustrated in Figure 6.
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To supervise the co-simulation, Dymola 24x was used, adopting the implicit DASSL
algorithm [36]. The adopted strategy to perform the coupling adhered to the inherent
numerical structure of the CATHARE 3 code, which requires a first steady-state calculation
and then a stabilised transient analysis before being ready to start the simulation of the
addressed transient scenario [37]. During the first iterations of the BOP model, simulta-
neous with the stabilised transient performed by the CATHARE 3 solver, the behaviour
of the two models may show excursions due to the unavoidable unbalances in the initial
conditions and to the need to stabilise the solution evaluated by the different numerical
algorithms. Given this, coupling the two models after an appropriate delay is suggested,
waiting for stabilisation of the independent behaviours after the end of the CATHARE 3
stabilised transient.

Therefore, a specific switching logic was developed for gradually changing the bound-
ary conditions during the coupling, using blocks belonging to the MODELICA Standard
Library [27], which adopt a smoothing function ψ(t, τ), reported in Equation (3), based on
useful properties of the hyperbolic tangent:

ψ(t, τ) =
1
2

[
1 − tanh

(
t − t̃

τ

)]
(3)

In Equation (3),
∼
t indicates the time when the coupling occurs and τ is a time constant

determining the reference relaxation time needed to perform the complete switch between
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two different boundary conditions. Therefore, the developed block performs the switch
between two signals, namely x1(t) and x2(t), so that the output signal y(t) results as in
Equation (4):

y(t) = ψ(t, τ)x1(t) + [1 − ψ(t, τ)]x2(t) (4)

This apparently second-order detail turned out to be quite necessary to avoid to
negatively influencing the dynamics of the ongoing coupling by changes in boundary
conditions that were too sudden.

In the present case, the parallel stand-alone run of the two models is performed by
imposing constant boundary conditions on the ESMR, equal to the nominal ones, and
by coupling the BOP model with a lumped parameter heat source, also belonging to the
TANDEM MODELICA library [26]. The 0D heat source, which substitutes the nuclear
steam supply systems (NSSS), is generally used to carry out tests on BOP models without
the need to consider the entire model of the primary side. Figure 7 shows the layout of the
coupling block, where the switches, namely SIG_SWITCH and SIG_SWITCH2, are shown
together with the three involved models (i.e., ESMR, BOP, and 0D heat source).
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It can be noticed in Figure 7 that the two switches were developed such that the

two parameters required by them, i.e., the coupling time
∼
t and the time constant τ, are

externally provided, thus introducing flexibility in performing their tuning process. In the

present analyses, the time constant τ was set equal to 100 s and the coupling time
∼
t equal

to 5000 s, as is better explained in the next section.

4. Description of the Addressed Transient Scenarios
One of the activities of the TANDEM project concerned a literature review about

safety aspects of nuclear cogeneration (see, e.g., [16,38]). In this work, several references
were considered coming from different European research activities and reports from
international agencies and research organisations. All the considered works agree on the
fact that the envisaged heat user, coupled with the nuclear power plant, must not decrease
its general level of safety. For this reason, the code coupling was adopted to assess different
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transients which are foreseen to be induced by the heat user on the BOP and, consequently,
on the primary system.

In general, all the analyses carried out in the present work were preceded by a 5000 s
of stand-alone and separated run of the two models, as described in the previous section.
Since the core neutronic model is activated only at the end of the CATHARE 3 stabilised
transient, the 5000 s of independent run covered 2500 s of the stabilised transient and
another 2500 s after the core neutronic activation to stabilise its parameters before the
coupling. Therefore, all the trends presented hereafter refer to the time after coupling, i.e.,
to the physical time starting after the coupling occurrence.

Following this rationale, different transients were considered belonging to normal
operation (NO) conditions or anticipated operational occurrences (AOO), depending on
whether the transient is planned ahead or not [39]. In fact, the present analyses only focused
on NO without considering Design Basis Accident (DBA) conditions, which normally
bring about a physical separation between the primary and secondary systems [39]. The
addressed scenarios are described hereafter.

4.1. Cogeneration Start Transients

During these analyses, a change in the thermal load required by the heat user is
considered, starting from a nominal full-electric operation of the nuclear power plant. As
mentioned in the previous paragraph, this type of transient can be considered as a NO
condition, if the operation change is planned, or as AOO if unplanned [39]. Therefore, the
main goal of these analyses is to understand what the response of the nuclear reactor to a
change in the behaviour in the BOP could be, switching from full-electric to cogeneration
operations. To assess these scenarios, values of thermal power related to different heat-
to-power ratios (HPR) were considered, i.e., from 10% to 50%. For the sake of clarity, the
heat-to-power ratio is here defined as in Equation (5):

HPR =

.
Qcog

.
Wel,nom

(5)

where the cogeneration thermal power
.

Qcog is simply evaluated by a thermal balance per-
formed on the cogeneration HX, being the enthalpy difference known due to the simplifying
assumptions adopted for its modelling described in the previous section.

Therefore, considering that in nominal full-electric conditions, the modelled nuclear
power plant produces 173 MW of electricity [25], the values listed in Table 3 were used as
boundary conditions to assess the cogeneration transients.

Table 3. Nominal thermal demand of the heat user for different heat-to-power ratios.

HPR Heat User Thermal Power Demand (MW)

10% 17.3
20% 34.6
30% 51.9
40% 69.1
50% 86.5

The thermal demand was imposed through a ramp which lasted 10 min (i.e., 600 s),
starting from 2000 s of time after coupling, as shown in Figure 8. During the present
analyses, no external action was envisaged for the nuclear power plant, i.e., the system
was left spontaneously evolving in response to the transient thanks to the control systems
implemented in both the primary and secondary side, as described in previous sections.
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4.2. Core Power Variations During Cogeneration

During these analyses, a decrease in the core power during a cogeneration operation
of the nuclear power plant was assessed, with the main objective of understanding whether
a decrease in the core power caused by, e.g., a decrease in the electrical demand, would
influence the capability of the BOP of providing the required thermal power to the heat
user. In this regard, it must be highlighted that the adopted model of BOP does not
provide a model of the electrical load. Indeed, in nuclear power plants, if a change in
the electrical power demand occurs, the mechanical power of the turbines follows the
change in the electrical one to assure the equality between the mechanical and electrical
torques. This leads to a shift in the operational conditions of the BOP, which in turn affects
the core power through the reactivity feedbacks and, in that case, to the triggering of the
insertion/extraction of some banks of control rods specifically used for load following (grey
control rods) [40]. In this case, however, since the electrical load is not considered and the
model is quasi-static, it is assumed that the nuclear power plant operates in an infinite grid
which does not respond to any change in the generated electrical power.

Therefore, in the present case, the core power was decreased by simulating the inser-
tion of the control rods through a specific control function making use of the core power

.
Q,

as in Equation (6), thus inserting negative external reactivity to bring the reactor thermal
power to the required setpoint value,

.
QSP:

rext = k
t∫

t∗

( .
QSP −

.
Q
)

dt (6)

In this analysis, starting from nominal full-electric operation of the coupled system,
a cogeneration transient was first induced, starting at 2000 s, such as the ones shown in
Figure 8 with HPR 50%. Then, at 4000 s of physical time, the core power was decreased by
up to four different values, from 90% to 60% of the nominal one of 540 MW.

4.3. Thermal Load Rejection

The last analysis aimed to assess the capability of the coupled system in dealing with
an AOO, which was considered to be caused by the loss of the cogeneration load. In this
regard, the adopted boundary condition for the cogeneration thermal power is shown
in Figure 9.
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Figure 9. Boundary condition for thermal load rejection.

As it can be noted in Figure 9, starting from operation in full-electric conditions, first
an increase in cogeneration was assumed, reaching 50% of heat-to-power ratio with a
ramp starting at 2000 s and lasting 600 s. After 1000 s of operation in these conditions, the
thermal demand suddenly dropped to 0 MW. This may simulate a failure in the heat user
or in the thermal circuit connecting it with the nuclear power plant. This event was called
“thermal load rejection” in similarity to a load rejection involving the electrical load. As
for the cogeneration transients, also in this case no external action was conceived after the
occurrence of the AOO event, i.e., the coupled system was left evolving spontaneously up
to 8000 s thanks to the implemented control systems on both the primary and secondary
sides of the plant.

5. Obtained Results
Before the discussion of the obtained results, some considerations must be introduced

to clarify some of the technicalities that made it possible to obtain them. In all the analysed
cases, after the occurrence of coupling, the system was left stabilising for 2000 s before
starting the transient. The new stationary condition achieved with the coupled system was
generally found to be slightly different from the one achieved by each model while running
independently. Such deviations are mostly related to the inherent differences in the two
modelling tools, i.e., CATHARE 3 and MODELICA, in evaluating relevant parameters
which are then provided as boundary conditions to either module after coupling. Though
these deviations cannot be completely avoided due to the inherent differences in the models
of the two codes, the imposed boundary conditions for the independent run of the two
models could be tuned to bring them to more coherent stand-alone stationary conditions.
Noticeably, some small oscillations were achieved during the coupled analysis, likely
related to small instabilities occurring during the coupling, which may be considered a
matter for further improvement in future applications.

As already mentioned, the BOP model adopted in the present analyses is quasi-static,
i.e., the component dynamics are neglected. This simplifying hypothesis certainly affects
the behaviour obtained for the relevant parameters in response to the different addressed
transient scenarios. Also, the adopted control strategy was dependent on the particular
simplifying assumptions adopted during the modelling of the two systems, i.e., ESMR and
BOP. Indeed, the adoption of different control strategies, e.g., those normally adopted for a
dynamic BOP, may have led to different behaviours of the systems during the addressed
scenarios, which is something that must be taken into consideration while describing the
results coming from the present analyses.
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5.1. Results from Cogeneration Start Transients

Though the analyses have been performed for all the cases shown in Figure 8, only
the case with highest heat-to-power ratio (i.e., 50%) is considered here, being the most
meaningful in terms of primary side response; the results of the other analyses are qualita-
tively similar to the ones presented here. As shown in Figure 10a, the increasing thermal
power demand required by the heat user shown in Figure 8 leads to the opening of the
cogeneration control valve and hence to the bypass of a certain amount of steam from the
BOP to the cogeneration heat exchanger. Consequently, hot condensate was reinjected in
the feedwater line shown in Figure 3; the merging of the two flows, i.e., feedwater and hot
condensate, led to the increase in the feedwater temperature entering the steam generator,
as shown in Figure 10b. The increase in the feedwater temperature tended to also increase
the steam temperature exiting the steam generator, which triggered the high-pressure pump
controller, thus increasing the pump rotational speed as depicted in Figure 11a. Moreover,
the increase in the feedwater temperature also led to the temporary decrease in its mass
flow rate, as shown in Figure 11b, caused by the lower density of the feedwater and by the
increased void fraction in the CSG. Then, the feedwater mass flow rate was recovered in
the last part of the transient, thanks to the stabilisation of the feedwater temperature and to
the higher rotational speed of the secondary pump. The superposition of the lower mass
flow rate and of the higher temperature of the feedwater decreased the thermal power
exchanged with the CSG, thus leading to a heating up of the primary coolant. The increase
in the primary temperature and pressure, however, ended up being very mild, as illustrated
in Figure 12a,b. Therefore, both the primary pressure and average temperature were found
to be almost not influenced by the transient, being the total deviation of the average core
coolant temperature lower than 0.1 ◦C.

Nevertheless, the slight increase in the primary coolant temperature was sufficient
to trigger a visible change in the neutronic feedbacks, resulting in a decrease in the core
power, as can be seen in Figure 13a,b. It is interesting to notice that the control rods did not
enter into operation due to the average core coolant temperature’s small deviation, shown
in Figure 11a, which remained within the adopted dead band of ±0.5 ◦C.
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Figure 10. Results from cogeneration transient with HPR 50%: (a) bypassed steam for cogeneration;
(b) feedwater temperature.
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Figure 11. Results from cogeneration transient with HPR 50%: (a) high-pressure pump rotational
speed; (b) feedwater mass flow rate to 1 CSG.
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Figure 13. Results from cogeneration transient with HPR 50%: (a) reactivity feedbacks and control
rods’ external reactivity; (b) core thermal power.
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Figure 13a also shows that the reactivity feedbacks stabilised at a value different
than 0, being the level obtained by the separated calculations, during the full-electric
state of the coupled system, owing to the deviations that occurred after the coupling with
respect to those achieved during the independent runs. Moreover, from Figure 13a, it is
also clear that a very slight instability is also obtained after the transient occurrence. As
explained in the previous sections, these slight imbalances may be caused by the inherent
differences in the two models or, at the same time, by numerical disturbances brought about
by both solvers (i.e., those of the two FMU) which may have been amplified, although
not in a divergent way, by the coupling. As mentioned before, during the start of the
cogeneration transition, the primary coolant was slightly heated up, thus leading to an
insertion of negative reactivity due to the moderator feedback. In response to the core
power decrease, the Doppler effect inserted a corresponding positive reactivity, almost
balancing the moderator neutronic feedback and resulting in a very small shift in the overall
reactivity. In addition, Figure 13a shows how the core power stabilised at a lower value after
the cogeneration transition occurrence with respect to full-electric operations, considered
equal to 540.89 MW, evaluated as the average value between 1000 s and 2000 s. In this
regard, the new thermal power of the reactor was found to be equal to 540.39 MW during
the cogeneration, again evaluated as an average between 3000 and 5000 s. The lowest peak
achieved by the thermal power of the reactor was 539.23 MW, which is 0.3% lower than the
value of the full-electric case, further proving the mild influence the cogeneration transient
had on the primary circuit. As expected, the net electrical power produced by the BOP was
instead considerably decreased by the activation of the cogeneration as shown in Figure 14,
mainly due to the lower mass flow rate flowing through the lower pressure stages of the
steam turbines.
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Figure 14. BOP electrical power produced during cogeneration transient with HPR 50%.

To conclude this description, Table 4 lists some of the main results obtained from the
five analyses carried out in comparison with a full-electric case, also showing how the
cogeneration increased the global energy efficiency, as reported in Equation (7), which
attributes the same value to the electrical and thermal energy, of the considered steam cycle.
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Table 4. Results from cogeneration transients.

HPR Nominal Core
Power (MW)

Thermal Power
Delivered to the
Heat User (MW)

Core Power with
Cogeneration at Steady

State
.

Qcore (MW)

Net BOP Electrical
Power

.
Wel,net (MW)

Combined
System

Efficiency (%)

0% 540.89 - - 173.30 32.0
10% 540.89 17.30 540.66 168.50 34.3
20% 540.89 34.60 540.62 163.60 36.6
30% 540.89 51.90 540.55 158.60 38.9
40% 540.89 69.10 540.50 153.80 41.2
50% 540.89 86.50 540.39 149.20 43.6

5.2. Results from Core Power Variation Transients

After a cogeneration transient with HPR 50%, the core power was decreased to four
different values, as shown in Figure 15a. As can be noted, the core power experienced some
slight oscillations in the cases of highest decreases, due to the integral control function,
adopted to simulate the insertion of the control rods and defined in Equation (6). These
oscillations were also tolerated as a mean to better test the stability of the coupling and
their presence was considered acceptable for the present analyses. The decrease in the core
power immediately led to the decrease in the primary coolant pressure and temperature,
resulting in a consequent decrease in the steam temperature exiting the steam generator,
as shown in Figure 16a. Then, as is depicted in Figure 15b, the controller of the secondary
pump decreased the mass flow rate to keep the steam temperature at its setpoint. The lower
secondary mass flow rate led, therefore, to the decrease in the electrical power produced by
the BOP, as shown in Figure 16b, where a decrease in the produced electricity can be noted
due to the cogeneration at 2000 s and, subsequently, to the decrease in the core power.
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Figure 15. Results from core power variation transients: (a) steam temperature; (b) feedwater mass
flow rate.

The reduced secondary mass flow rate also led to a higher enthalpy at the output of
the high-pressure steam turbine. For this reason, the bypass steam flow rate supplying
the cogeneration heat exchanger was found to slightly decrease with the decrease in the
core power, as shown in Figure 17a,b. Besides these deviations, however, it is interesting
to notice how the system actually allowed the supply of constant thermal power to the
heat user, notwithstanding the lower power production in the reactor core, as shown in
Figure 18.
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Figure 16. Results from core power variation transients: (a) core thermal power; (b) BOP
electrical power.
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Figure 17. Results from core power variation transients: (a) bypass steam temperature; (b) bypass
steam mass flow rate.
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5.3. Results from Thermal Load Rejection Transients

The thermal load rejection event occurring at 3600 s triggered the instantaneous
closure of the cogeneration control valve, leading to a sharp increase in the electrical power
produced by the BOP, as shown in Figure 19, and, at the same time, to a sharp decrease in
the feedwater temperature entering the steam generator (see Figure 20a).
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Figure 20. Results from thermal load rejection: (a) feedwater temperature; (b) feedwater mass
flow rate.

As a result, the feedwater mass flow rate experienced the sharp rising peak depicted
in Figure 20b, followed by a fast recovery back to the nominal value of the full-electric case.

Following the rapid increase in the secondary mass flow rate, the thermal power
requested by the steam generator increased in consequence and the primary coolant tem-
perature decreased as shown in Figure 21. The very sharp decrease in the average core
coolant temperature soon triggered the moderator neutronic feedbacks, which inserted
a peak of positive reactivity into the core, as shown in Figure 22a. Simultaneously, the
Doppler effect reacted by introducing negative reactivity into the core due to the rapid
heating-up of the fuel. The superposition of the two feedbacks brought the core power to
a maximum peak of 545.38 MW, as shown in Figure 22b, which is almost 1% higher than
the core power reference value of 540.39 MW achieved during a stationary cogeneration
operation with HPR 50% (see again Table 4). It is interesting to notice that, like the cogener-
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ation transients, the control rods did not enter into operation since the average core coolant
temperature deviation was kept within the dead band of ±0.5 ◦C.
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Figure 21. Results from thermal load rejection: inlet, outlet, and average core coolant temperature.
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Figure 22. Results from thermal load rejection: (a) neutronic feedbacks; (b) core power.

To conclude this section, it is important to remember that, as for the other presented
cases, here, the quasi-static nature of the BOP model could have sensibly affected the
results. In fact, the sharp change in the adopted boundary conditions shown in Figure 9
instantaneously affected the output parameters (i.e., feedwater temperature) and, in turn,
the primary system. Therefore, the introduction of delays due to the component dynam-
ics and the adoption of a different control strategy may bring about slightly different
behaviour of the primary system compared to the addressed AOO event. In particular,
the sharp variations obtained in these analyses could also be more limited in presence of
component dynamics.

However, as one of the most important objectives of this work, the developed code-
coupling methodology proved to be robust enough in dealing with such sharp changes in
the operating conditions of the system. This can be considered as proof of the potential of
the adopted methodology in assessing nuclear cogeneration transients, also using models
with different complexity.
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6. Conclusions
In this paper, the influence that meaningful cogeneration transients may have on the

primary system of a nuclear LW SMR plant was assessed. The analyses were carried out
using a novel approach based on fluid coupling achieved between models developed with
two different tools, i.e., the thermal hydraulic system code CATHARE 3 and the dynamic
modelling language MODELICA. Both the CATHARE 3 model of the reference LW SMR
and the quasi-static BOP model are a product of a European research activity, performed in
the frame of the TANDEM project. Simplifying assumptions were adopted in the modelling
strategy in the present phase of analysis, mostly linked to the inherent structure of the
adopted codes and to the preliminary character of this assessment, mostly concentrated on
the coupling methodology. Each model was equipped with control systems to allow them
to cope with the addressed transient scenarios. The resulting co-simulation was supervised
using Dymola 24x, with the implicit DASSL algorithm.

During the present analyses, three meaningful transient scenarios that a heat user may
induce in the nuclear power plant were considered, namely cogeneration start transients,
core power variation transients, and thermal load rejection. In the limit of the adopted
simplifying assumptions, the obtained results provide sufficient insight into the predicted
response of a nuclear system to NO or AOO transients induced by the cogeneration. In
particular, the following paragraphs summarise the obtained results:

• The cogeneration start transients show that the primary system was mildly influenced
by a switch from full-electric to cogeneration operation, with different values of the
heat-to-power ratio. In this regard, the highest value of HPR led to a negative core
power excursion of 0.3% with respect to the reference nominal value. Moreover, as
expected, the cogeneration resulted in an increase in the overall energy efficiency of
the steam cycle, as a specific objective of its adoption.

• The core power variation transient results highlight the capability of the modelled
nuclear power plant in handling core power variations while performing cogeneration.
As a matter of fact, the BOP, thanks to the implemented control systems, was found to
be capable of handling core power decreases of up to 60% of the nominal value, while
keeping the thermal power provided to the heat user unchanged.

• The thermal load rejection scenario may be the case where the quasi-static assumption
of the BOP may have mostly influenced the results, since the sharp change in the
boundary conditions was instantaneously reflected on the output parameters and,
in turn, on the primary side. However, the results further prove the stability of the
developed code-coupling methodology and, in addition, they also show that the
primary system was capable of handling such transient only relying on the modelled
neutronic feedback.

Therefore, the achieved results show that no sensible impacts are predicted on the
primary side following the addressed transient scenarios, considering a range of thermal
power diverted for cogeneration applications within 15% of the core rated value. However,
the influence of the presently adopted simplifying assumptions must be carefully addressed
by means of quantitative analyses. Moreover, the root causes of the small oscillations
obtained during the numerical coupling, although they did not influence the general
stability of the calculations, must also be investigated. In addition, the reliability of the
results coming from the adopted coupling methodology must be further assessed using
available data coming from experimental campaigns or real-world operations. However,
being Hybrid Energy Systems still in the conceptual design phase, neither operational
data or real-world prototypical applications are present yet. However, future works may
concern code-to-code comparison between the numerical coupling and other well assessed



Energies 2025, 18, 2539 22 of 25

numerical codes in order to obtain a more comprehensive overview of the qualitative
reliability of the developed coupling tool.

The analyses carried out and the developed methodology are open to a wide range
of possible further applications, e.g., making use of more sophisticated models of both
primary and secondary side. The developed coupling strategy has the advantage of relying
on unified tools, i.e., FMIs, leading to the possibility of planning analyses with a much
more detailed model of the heat user and of the intermediate thermal circuit connecting
the nuclear power plant to it and of other involved components, such as the electrical grid,
achieving a more comprehensive tool capable of providing more detailed information about
nuclear cogeneration safety. Moreover, when additional details of the presently adopted
SMR design become available, more sophisticated models of the primary circuit can be
considered, leading to more quantitatively meaningful analyses. The adopted methodology
can also help to perform comprehensive Probabilistic Safety Assessment studies, which
will be necessary to assist in the development and safety assessment of hybrid systems of
nuclear power plants which are needed to meet the required decarbonisation goals of the
future world energy mix.
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Abbreviations and Nomenclature
The following abbreviations and nomenclature are used in this manuscript:

Abbreviations
BOP balance of plant
CCV cogeneration control valve
CSG compact steam generator
ESMR European Small Modular Reactor
FMI Functional Mock-up Interface
FMU Functional Mock-up Unit
HP high pressure
HPR heat-to-power ratio
HX heat exchanger
LWR light–water reactor
LW SMR light–water small modular reactor
LP low pressure
MP medium pressure
N-R HES Nuclear-Renewable Hybrid Energy System
PI proportional integral
RES renewable energy sources
SCSG safety compact steam generator
SMR Small Modular Reactor
TANDEM Small Modular ReacTor for a European sAfe aNd Decarbonised Energy Mix
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Roman Letters
e Error (-)
k Controller Gain (-)
p Pressure (MPa)
.

Q Thermal Power (MW)
r Reactivity ($)
T Temperature (◦C)
.

W Electrical Power (MW)
x, y Generic signals (-)
Greek Letters
β Delayed neutron fraction (-)
λ Decay constant (s−1)
η Efficiency (-)
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