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Abstract

Nuclear power plants are a paramount example of crit-
ical cyber-physical systems. Some of the current re-
searches in nuclear reactor analysis concern the degree
of acceptable uncertainty of the whole system. Some dif-
ficulties arise from weaving fields of different disciplines,
such as computer science (e.g. embedded software and
hardware), mechatronics (e.g. sensors and actuators)
and physics (e.g. neutronics and thermal-hydraulics).
To complicate the scenario further, each field demands
different disciplines, competencies and different teams.
In this short paper, we highlight the importance of the
cross-fertilization of different disciplines in the nuclear
reactor domain and we investigate emerging methods
to control uncertainty in the nuclear reactor design.

Keywords: Nuclear Reactors, Safety, Uncertainty, (Au-
tonomous) Cyber-Physical Systems, Machine Learning.

1 Introduction
Since the second half of the last century, we have witnessed
deployment of nuclear power plants in the world. They dif-
fer with respect to power, design, adopted technologies and
digital systems (list not exhaustive). For example, in the
seventies, 900 MegaWatt nuclear power plants had a hard-
wired Instrumentation and Control (I&C), while, in 1985, the
French 1300 MegaWatt nuclear power plants deployed the
first digital I&C system (ref. to DIPS - the Digital Integrated
Protection System).

A nuclear power plant is an example of Cyber-Physical Sys-
tems (CPS) [1], i.e. physical systems monitored and con-
trolled by electronic systems, otherwise termed I&C systems.
In a nuclear power plant, a nuclear reactor is, by namesake,
the core of a power plant where nuclear fissions happen. A
nuclear reactor is controlled by numerical I&C commands,
sent either automatically by the software or directly by the
operators in the main control room.

In the I&C systems, the protection system is one of the most
critical systems. Its main mission is to control the nuclear
reactor in the case of nominal as well as degraded behavior. Its

functionality plays a leading role in setting “safety measures
to prevent incidents and to mitigate their consequences if they
were to occur” [2] - where “incidents include initiating events,
accident precursors, near misses, accidents and unauthorized
acts (including malicious acts and non-malicious acts)” [2].

To prevent that an accident happens, the nuclear safety author-
ities demand to assess a safe threshold (or safe margin) and,
consequently, a second and depending threshold devoted to
the margin of errors (list non-exhaustive). The latter ensures
an additional protection measure, which ought to consider
acceptable uncertainty. In both cases, the threshold depends
on several parameters that involve different countermeasures,
i.e. different I&C commands.

Nuclear safety standards IEC 60880 [3] and IEC 61513 [4]
define the safety objectives for a safe system and critical
software. They demand (A) measures for functional and
performance requirements in response to specific signals or
conditions. Among the parameters under examination, re-
sponse time and accuracy have to be taken into account [4].
Moreover, (B), all measures must be validated and proved
(list non-exhaustive).

To achieve a greater level of accuracy, we need to control the
acceptable uncertainty degree of each component and system
integration involved in a nuclear reactor design. All these
measures and controls are resources demanding.It constitues
an issue, since they must be proved and validated in a reliable
execution time (list non-exhaustive). However, a closer ex-
amination reveals that an accurate computational model of a
nuclear reactor behavior is too complex to be controlled and
simulated in a predefined computing execution time.

In this short work-in-progress paper, we address accuracy for
nuclear reactors behavior modeling and we suggest the use
of autonomous machine learning algorithms in multi-physics
modelling. We conclude with a section on safety nuclear
regulations and on-going works.

Before introducing the state of the art and our analysis, let us
briefly argue why this research problem is still an important
research topic, which demands innovation. As introduced
before, the nuclear safety regulations require accuracy, the
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identification of the acceptable uncertainty in a reliable exe-
cution time. An accurate model of a nuclear reactor behavior
is too complex because data arise from different disciplines
(e.g. neutronics, thermal-hydraulics, computer science). To
complicate the scenario further, data influence each other. In
the meantime, the increased hardware performance capability
and advanced numerical methods are allowing innovation in
multi-physics models to calculate and prove more accurate
measures to assess safe margins [5].

2 State of The Art
In recent years, multi-physics simulations of nuclear power
plants have become one of the main research topics in the
nuclear reactor scientific community [5]. These complex
systems are characterized by the interrelation over different
physics phenomena, involved in their operation and safety.

Among them, the term multiphysics is usually referred to the
coupling between neutronics and thermal-hydraulics. The
first one is the study of the motion of the neutrons and how
they interact with the atomic nuclei [6]. In particular, the
fission is the nuclear reaction where a neutron is absorbed by
a heavy nucleus, allowing it to split into smaller ones and re-
lease a great amount of thermal energy. Indeed, the operation
of nuclear reactors is based on the initiation and control of the
fission reaction. In neutronics, two main methods exist: deter-
ministic and stochastic ones, this latter based on the Monte
Carlo method [6]. Both deterministic and stochastic methods
are demanding in execution time, because they have to ana-
lyze a very large population of neutrons in space and time as
well as the evolution in concentrations of nuclides over fuel.
The second one, thermal-hydraulics [6], is the determination
of the velocity, density and temperature distribution of the
coolant and the fuel1.

In reactor analysis, neutronics and thermal-hydraulics are
two different disciplines and traditionally modelled with sin-
gle physics computational codes. They solve with different
numerical methods the systems of equations, that describe
the physical phenomena. However, neutronics and thermal-
hydraulics are not independent and they are influenced recip-
rocally [6]. For example, an increase of the thermal motion of
the atomic nuclei, due to a rise of the fuel temperature, allows
higher absorption of neutrons (nuclear Doppler effect [6]).
Furthermore, the neutronics/thermal-hydraulics mutual inter-
action determines the power distribution, that is of paramount
importance into study the reactor operational and acciden-
tal conditions. It follows that the coupling of the physics
codes allows improving the accuracy in reactor analysis, nec-
essary with respect to the increase of the safety and thermal
efficiency requirements [8].

The current multi-physics couplings usually employ low fi-
delity models, simulated by deterministic (neutronics) and
subchannel codes (thermal-hydraulics), that adopt some ap-
proximations of the governing equations for each physics
field [5]. An example is the SAPHYR package [9], developed

1In operating power plants, the fuel has not velocity since it is solid. It
is different in the case of the Molten Salt Reactor (MSR) [7], where their
innovative design is under study.

by CEA (Commissariat à l´énergie atomique et aux éner-
gies alternatives) [10], characterized by a modular structure
composed by different physics codes.
High fidelity and Reduced Order Modelling Recently,
high-fidelity models have been developed with Monte Carlo
codes for neutronics [11] and Computational Fluid Dynamics
(CFD) codes for thermal-hydraulics [12]. These numerical
methods are characterized by higher accuracy into reproduce
the physics parameters of the reactor, with the possibility to
determine locally the quantities of interest. They are also flex-
ible in the implementation with different reactor geometries.
In particular, CFD allows characterizing the local condition of
the fluid, to study specific thermal-hydraulics phenomena of
key interest in safety analysis, as fluid instabilities, turbulent
mixing or natural circulation. The simulation of high fidelity
models demands a high computational burden, because they
use detailed geometry and physics modelling. Therefore, their
execution requires the adoption of HPC machines. In the last
years, a solution proposed to this problem is the adoption of
Reduced Order Models (ROMs) [13]. The latter is referred
to a class of advanced numerical methods, where the physi-
cal system is well described by a small number of dominant
modes, that decrease the degrees of freedom of the original
problem.

3 Adoption of ACPS in reactor analysis
Two of the authors have developed in [14] a high-fidelity
multi-physics coupling between the Serpent Monte Carlo
code [15] for neutronics and the OpenFOAM CFD toolkit
for thermal-hydraulics [16]. The modelling approach is val-
idated for the model of the TRIGA Mark II reactor of the
University of Pavia, carrying out benchmark analysis with
experimental data [13, 17]. In our analysis, in addition to
the computational burden, we have observed limits in the
process of development and validation of these tools, i.e. the
necessity to have detailed experimental data and the manual
inputs insertion/analysis of uncertainties. The first limit can
be overcome in modern nuclear power plants, embedded by
advanced electronic I&C systems for monitoring and control-
ling the reactor [18]. They provide automatic controls for
the diagnostic, as well as some processes for operation and
safety. Based on these analyses, the reactor operators take
some critical decisions.

With respect to the second limit and the problem of the com-
putational cost, we are evaluating to employ autonomous ma-
chine learning algorithms with ROM. In the strategy proposed,
the original high fidelity multi-physics model is approximated
by a ROM (still multi-physics), to be run as many times as
required. After that, the underlying idea is to decrease the
uncertainties in the input and output parameters through the
application of autonomous algorithms, to reach the accuracy
needed by the problem under investigation. The proposed
methodology is based on the following steps:

1. A (human) designer develops a ROM, obtained by an
initial high fidelity multi-physics model of the power
plant of interest

2. The model is run by an Autonomous-based Algorithm
(AA) to estimate the neutronics (neutron flux) and the
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thermal-hydraulics parameters (temperature, density, ve-
locity fields)

3. AA compares the simulation outputs with the experimen-
tal data obtained by the Data Acquisition System (DAS),
computing the error of the model em

4. If em does not meet the required accuracy, AA adjusts
the original ROM, by analyzing the reasons for the dis-
crepancies concerning the neutronics and the thermal-
hydraulics parameters of the DAS.

5. The new multi-physics ROM is run by AA and the pro-
cedure restarts from step 2.

We point out that the procedure is not only automatic but
autonomous, since the role of AA is to understand the defi-
ciencies of the model and improve it via Machine Learning
algorithms. With respect to an only human-based driven in-
tervention, AA has the powerful advantage to analyze a huge
quantity of information. The expectation is to achieve a better
model accuracy and finer control of the acceptable uncertainty
degree, required by the nuclear safety regulations.

The use of AA, based on Artificial Intelligence (AI), for the
nuclear power plants are under study by the nuclear scientific
community and, to our knowledge, at present only in a con-
ceptual fashion (see e.g. the recent works of [19, 20]). In this
direction, one of the non-negligible issues to be addressed
is to meet the safety requirements, as those provided by the
nuclear safety regulations.

4 Nuclear Safety Regulations
In 1979, the TMI-2 accident (Pennsylvania – USA 1979) not
only has affected the public opinion but also contributed to
rethinking the related nuclear safety standard, the operators’
training, and the Nuclear and Regulatory Commissions2 [21].
Today, we have full separation between the industries, in
charge of building and managing a nuclear power plant, and
the commissions, in charge of the certification phases and to
the inspections during the life of a nuclear power plant.

In Section 1, we referred to two safety regulations for the
nuclear domain: IEC 60880 [3], which specifies the safety
objectives and requirements for the critical software, and
IEC 61513 [4], which concerns safety objectives and require-
ments for I&C systems and equipment to perform safety
functions in a Nuclear Power Plant. These nuclear safety
regulations require that all measures, included accuracy, safe
margins, uncertainty, response time and execution time (list
non-exhaustive), must be validated and proved [4]. This point
represents a potential conflict with the adoption of AI for nu-
clear reactor models, as we have suggested in Section 3. One
of the main blocking points is the (formal) proof. Although,
nuclear safety regulations are among the more conservative
safety regulations and, hence, they not allow AI today, some
overcoming solutions could investigate the use of AI within a
predefined and controlled context, especially for application

2In 1986, the Chernobyl accident (Ukraine) happened during the Cold
War. A set of human errors, included the design of the power plant, are
the main causes of the accident. The Chernobyl nuclear power plant is not
compliant with the safety nuclear regulation.

Figure 1: Relations between the safety regulations and the Tech-
nical Committees. Legend in the table below.

IEC60880 Nuclear Power Plants - Instrumentation and Control Systems Im-
portant to Safety - Software aspect for Computer-Based Systems
Performing Category A Fuynctions

IEC61513 Nuclear power plants – Instrumentation and control important to
safety – General requirements for systems

IAEA International Atomic Energy Agency

NS-R-1 Safety of Nuclear Power Plants: Design

NS-G-1.3 Instrumentation and Control Systems Important to Safety in
Nuclear Power Plants

IEC61508 Functional safety of electrical/electronic/programmable elec-
tronic safety-related systems

in the design phases and for the study of the parameters based
on the fuel consumption.

In our study, we plan to perform a test phase, with the Verifi-
cation and Validation (V&V) of the proposed methodology
in the benchmark problems, used for V&V of nuclear reactor
codes. In this analysis, we also include the validation of the
available experimental data of the TRIGA Mark II reactor.
After that, we aim to extend the procedure in codes for in-
dustrial application. In addition, a comparison between the
results and those come from the traditional techniques (which
define a baseline) is mandatory.

For the sake of completeness, Figure 1 highlights some rela-
tions between the cited regulations and other regulations (list
non-exhaustive). First, it shows that they have to be compliant
to the regulations provided by the International Atomic En-
ergy Agency (IAEA). Second, they specialize IEC 61508 [22]
for the nuclear application sector. IEC 61508 plays the role of
umbrella for different applications domains, such as nuclear,
railway and automotive. Although we should be wary of any
generalization, IEC 61508 allows us to compare and translate
-if it is the case- different solutions and methods to control the
degree of acceptable uncertainty of a system among different
application domains.

Finally, Figure 1 highlights the Technical Subcommittees in
charge of specifying safety regulations. It involves that several
experts, from industries and research centers in the world,
work together via independent teams to establish a set of
requirements to achieve a safer system. Such an organization
has the main advantage to be large enough to have a consensus
and ensure the independence of the work with respect to a
single national interest.

5 Conclusions and Outlook
In this short paper, we briefly discussed the problem to con-
trol uncertainty in nuclear reactors. Intriguing solutions
are provided by coupling neutronics and thermal-hydraulic
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disciplines, otherwise referred as multiphysics approaches.
To solve the equations by meeting the nuclear safety con-
straints [3, 4], simulations of high fidelity models require
HPC hardware [6] and consequently the detection and control
of all possible errors arising from the HPC itself. We high-
light that some human decisions are taken over these results.
Then, we arise the necessity of advanced study in computer
science to be applied for nuclear reactor analysis. Results
promoted by the PROXIMA project on the probabilistic real-
time execution [23] on multi- and many-core, for example,
could be implemented to the nuclear domain - of course with
additional proofs and all possible cautions.

In this paper, we suggest the way forward in an investigation
on autonomous algorithms, based on machine learning, to esti-
mate the neutronics (neutron flux) and the thermal-hydraulics
parameters (temperature, density, velocity fields) in high fi-
delity multi-physics modelling. The expectation is to avoid
or, à défaut reduce, human errors in the decision-making by
reducing the uncertainties in the input and output parameters,
during the improvement and validation of the multi-physics
analysis. This approach involves autonomous and not only au-
tomatic I&C. This is why we are very cautious and we stress
the importance of the cross-fertilization domain between the
computer science and nuclear reactor physics community,
even more than in the past. Our on-going work is then to
prove each step, compare autonomous-based solutions with
more traditional approaches, including accuracy of the model
under study, and a comparison of functional and performance
requirements in response to specific signals or conditions, as
required by the nuclear safety regulations.

References
[1] M. D. Franusich, “Security Hardened Cyber Compo-

nents for Nuclear Power Plants,” Tech. Rep. Grant No.
DE-SC0013808, US Department of Energy, Office of
Science, Chicago Office, 2016.

[2] International Atomic Energy Agency, IAEA Safety Glos-
sary. 2018.

[3] IEC, IEC 60880 Nuclear power plants – Instrumenta-
tion and control systems important to safety – Software
aspects for computer-based systems performing cate-
gory A functions., 2006.

[4] IEC, IEC 61513. Nuclear power plants – Instrumenta-
tion and control important to safety – General require-
ments for systems, 2011.

[5] J. Wang, Q. Wang, and M. Ding, “Review on
neutronic/thermal-hydraulic coupling simulation meth-
ods for nuclear reactor analysis,” Annals of Nuclear
Energy, vol. 137, p. 107165, 2020.

[6] R. E. Masterson, Introduction to Nuclear Reactor
Physics. CRC Press, 2018.

[7] G. 2016, “Generation IV International Forum (GIF)
Annual Report 2014,” tech. rep., 2015.

[8] J. Portugal-Pereira and et al., “Better late than never, but
never late is better: Risk assessment of nuclear power
construction projects,” Energy Policy, vol. 120, no. May,
pp. 158–166, 2018.

[9] B. Akherraz and et al., “SAPHYR: A Code System
From Reactor Design to Reference Calculations,” in
Proceedings of M&C 2003, (Gatlingburg, USA), p. 7,
April 6-11, 2003.

[10] http://www.cea.fr/.

[11] I. Lux and L. Koblinger, Monte Carlo Particle Trans-
port Methods: Neutron and Photon Calculations. Boca
Raton, Florida: CRC Press, inc., 1991.

[12] S. B. Pope, “Turblent Flows,” 2001.

[13] C. Castagna, A Multi-Physics Modelling Approach for
the Analysis of Burnup Calculation of the Next Gener-
ation of Nuclear Reactors. PhD thesis, Politecnico di
Milano, 2020.

[14] C. Castagna, E. Cervi, S. Lorenzi, A. Cammi, and al., “A
Serpent/OpenFOAM coupling for 3D burnup analysis,”
European Physical Journal Plus, vol. 135, no. 6, 2020.

[15] J. Leppänen and et al., “The Serpent Monte Carlo code:
Status, development and applications in 2013,” Annals
of Nuclear Energy, vol. 82, pp. 142–150, 2015.

[16] H. G. Weller, G. Tabor, H. Jasak, and C. Fureby, “A
tensorial approach to computational continuum mechan-
ics using object-oriented techniques,” Computers in
Physics, vol. 12, no. 6, p. 620, 1998.

[17] C. Castagna, M. Aufiero, S. Lorenzi, G. Lomonaco, and
A. Cammi, “Development of a reduced order model for
fuel burnup analysis,” Energies, vol. 13, no. 4, pp. 1–26,
2020.

[18] IAEA, “Advanced Surveillance , Diagnostic and Prog-
nostic Techniques in Monitoring Structures , Systems
and Components in Nuclear Power Plants,” Tech. Rep.
NP-T-3.14, 2013.

[19] D. Lee and J. Kim, “Autonomous Algorithm for Safety
Systems of the Nuclear Power Plant by Using the Deep
Learning,” in Proceedings of the AHFE 2017, (Los An-
geles, California, USA), 2017.

[20] J. Kim, D. Lee, J. Yang, and S. Lee, “Conceptual design
of autonomous emergency operation system for nuclear
power plants and its prototype,” Nuclear Engineering
and Technology, vol. 52, no. 2, pp. 308–322, 2020.

[21] J. Samuel Walker, Three Mile Island: A Nuclear Crisis
in Historical Prospective. 2004.

[22] IEC, 61508:1998 and 2000, part 1 to 7. Functional
Safety of Electrical, Electronic and Programmable Elec-
tronic Systems., 2000.

[23] PROXIMA, “Probabilistic real-time control of mixed-
criticality multicore and manycore systems, ecsel eu
project.”

Volume 35, Number 1, March 2021 Ada User Jour na l


