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Abstract — Achieving full decarbonization of all economic sectors remains a challenge, especially in niche
markets. For example, remote communities and industrial or mining activities detached from the main electric grid
heavily rely on fossil fuels, similar to urban and industrial microgrids with combined heat and power needs.
A combination of renewables and energy storage is often not suitable due to cost, reliability, intermittency, and
large storage requirements. Small nuclear reactors with a flexible purpose could serve these applications.
Microreactors (MR) are a class of reactors that are compact, factory manufactured, transportable, and self-
regulating. Typically, they generate much less power than their large reactor counterparts. The main advantages of
microreactors include the versatile nature of the energy produced, the reliability of supply, and freedom from
having to transport and store large quantities of fuels on-site, coupled with the absence of dependence on an
electrical grid. A strong business case is needed to move from the microreactor prototype to the commercialization
phase. In fact, fossil fuels are still relatively inexpensive, and in the near term, carbon credits will be available to
virtually compensate for emissions. For microreactors, one of the main costs in operation and maintenance (O&M)
is their staffing levels. In this study, we investigate how to optimize the number (and thus the cost) of workers,
moving from a traditional, fully manned, on-site personnel approach to an unmanned, remote personnel approach.
We examine four different staffing models that can be implemented as the technology matures and evolves. We
estimate the staffing needs of each model and build a business case to justify the substitution of on-site personnel
with adequate technologies. To do so, we propose a cost model to quantify potential cost reductions from
automating O&M activities. The model accounts for both the reduction in cost derived from the reduced number
of full-time-equivalent (FTE) employees and the increase in cost derived from the need to buy new control
hardware as needed. Applying the cost model that we created to different scenarios, an on-site O&M cost
reduction exceeding 80% can be expected. Additionally, we found that it is more impactful to focus on automating
routine O&M tasks rather than attempting to automate transient management (shutdowns, restarts, monitoring
condition deviations). In fact, transients typically account for less than 1% of the total FTE time spent on the
reactors.

Keywords — Nuclear, microreactors, operation and maintenance, autonomous operation, predictive
maintenance.
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I. INTRODUCTION

Microreactors are compact nuclear reactors with
a small power output. In Ref. [1], they are defined as
systems with a thermal power output up to 20 MW,
which classifies them as Category B reactors
under  the U.S. Department of  Energy
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(DOE) definition and, thus, Category 2 hazards for 10
CFR 830" and Ref. [2]. They are factory manufactured
and assembled.l’! Their transportation and installation
on-site are expected to be simpler than for larger
reactors (e.g., transport by truck or rail). Some micro-
reactor concepts envision initial fueling and subse-
quent refueling to occur at a central refueling
facility, thus avoiding handling and storing fresh or
spent fuel on-site.

These reactors are expected to be a reliable, dispatch-
able, low-carbon energy source and are therefore seen as
a possible alternative or replacement for the small- to
medium-size fossil fuel turbines and diesel engine power
generators in use today. These generators are used both in
remote locations—to provide power to assets disconnected
from the electric grid—and in urban and industrial applica-
tions in cogeneration plants for industrial purposes or for
large public facilities, such as hospitals and universities.

To prove their viability, microreactors must demon-
strate they can be economically competitive with respect
to the fossil fuel alternatives, taking into account the
possible introduction of a carbon tax. Renewable energies
may not be viable in the aforementioned contexts because
of their intermittency and large land requirement. In fact,
many applications demand a high stability and reliability
base supply of energy since their stand-alone power gen-
erators could be the only source of power and some
critical operations cannot be disrupted.

This study revolves around applying an established
trend in power plants to microreactors: seeking a higher
degree of autonomy for operations. Here, we define auton-
omy as the system’s inherent capability to perform maneu-
vers within a prescribed envelope of operations, including
the ability to handle certain upset conditions that can be
brought under control without exceeding the limiting safety
system settings. We use the verb “automate” to describe the
techniques and solutions used to achieve autonomy.

One example of seeking autonomy in power plants is
the large-scale, combined cycle plant that Mitsubishi
Power is actively striving to make fully autonomous.!)
Further, Siemens was able to perform a remote startup
and power adjustment of a gas turbine.””! On-site staff is
a cost and logistical challenge for oil and gas platforms
and for mining sites. In the oil and gas context, Ref. [6]
studies ways to achieve lower staffing of offshore plat-
forms, in particular, lowering staffing requirements for
the platform power unit, which is based on an aeroder-
ivative gas turbine. One applicable takeaway from this

 Code of Federal Regulations, Title 10, “Energy,” Part 830, “Nuclear
Safety Management,” U.S. Nuclear Regulatory Commission.

@ANS

study is that to reduce or eliminate full-time-equivalents
(FTEs) on-site, high-frequency tasks (from as high as per-
shift tasks to as low as weekly or monthly tasks) must be
automated or eliminated. Instrument reading, equipment
monitoring, and visual inspections need to be performed
via online-monitoring instrumentation to achieve this.
Reference [7] addresses this topic and presents
a roadmap to convert to online monitoring (OLM) activ-
ities in nuclear power plants that are currently managed
with manual processes. Mining is also pushing toward
unmanned sites.®!

Inspired by examples from these other industries, the
absence of permanent on-site operational staff should be
integrated into the design of microreactors from the start.
Conventional light water nuclear reactors in the United
States run with 500 to 1000 staff per plant. This model
cannot be adopted for microreactors. Microreactors are eco-
nomically feasible only if they can achieve a significant
level of autonomy to allow several units to be operated
and maintained by one plant crew. Ideally, overall staff
requirements should be <1.5 FTE/MW(electric), including
staff for maintenance and security.!”! This leaves little room
for operators in a competitive microreactor layout.

Reference [10] approached our same topic from
a different perspective. We focused only on the economic
worst-case scenario, i.e., a single reactor per site, whereas
they also analyzed the case in which multiple microreac-
tors are located at the same site, which is generally more
economically convenient. Moreover, we used a bottom-up
approach for the single reactor to calculate staffing needs
while they scaled staffing needs. In addition, our paper
explores a step-by-step stafting reduction approach, from
the first units to a fully developed fleet of microreactors
after safety and feasibility demonstration to the nuclear
regulator. The authors of Ref. [10] performed a Monte
Carlo analysis to study the variations whereas we
performed a sensitivity analysis on single parameters
to show the behavior of the model to changes.

This study attempts to optimize the cost of operation
and maintenance (O&M) for microreactors, focusing pri-
marily on plant operators and maintenance workers. We
also briefly discuss the challenges involving security staff-
ing. A comprehensive, optimal O&M model is proposed,
along with two other transition models between the first
expected units to the final goal. We also identify the tech-
nologies that are essential to achieving the optimal staffing
model. Then, we estimate the staffing needs for each sce-
nario to perform monitoring maintenance tasks (not repair
maintenance tasks) and operation tasks. By the term “mon-
itoring maintenance,” we mean all the tasks that are per-
formed to monitor the health of components. In particular,
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during their daily and weekly routines, workers generally
check sensors whose values can predict abnormal operating
conditions. With repair or service maintenance, we intend
for all the interventions on components to correct or pre-
vent faulty conditions. Operation tasks are the tasks strictly
related to power maneuvering.

A key question explored in this study is, what is the
economic value of automating certain tasks? Automating
usually implies (1) installing more instrumentation and
control (I&C) hardware and software on the microreactor
and (2) reducing personnel on-site or off-site. To answer
this question, a clear understanding of the process (i.e.,
the task or role) and the costs related both to 1&C and
staffing are needed. A model intended for designers of
microreactors is presented in this paper so that they may
make informed decisions on whether automation would
result in reduced O&M costs per megawatt hour. This
model is mainly focused on direct costs and does not
consider other impacts such as increased (or decreased)
availability, risk, or organizational complexity.

We apply this model to scenarios that analyze micro-
reactor economics and estimate the possible savings asso-
ciated with relocating staff off-site. In our analyses, we
evaluate how the additional technologies impact the num-
ber of monitoring maintenance workers and operators. We
do not include repair maintenance and other categories of
workers (e.g., off-site engineering, administrative, manage-
ment, procurement, and training). In fact, repair mainte-
nance needs an extended focus that cannot be part of this
work. It will need to be examined in future work.

Last, we perform some sensitivity analyses by vary-
ing several parameters: the number of sensors, frequency
of transients without shutdown, cost of 1&C, annual cost
of an FTE, refueling interval, load-following frequency,
and time between sensor checks.

II. DESCRIPTION OF THE WORK

In this study, we assume a fleet-type centralized
service business unit that shares the staff among multiple
reactors and locations. In our model, staff are present on-
site for the first microreactor units deployed and consist
of operators, security staff, and on-site maintenance
workers. These three categories are the ones that we
focus on in this study. There is additional staff working
off-site, but they are excluded from our analysis and
optimization strategy. As mentioned earlier, staff that
belong to the engineering, administrative, management,
procurement, and training categories are out of scope
since they do not need to be on-site in any considered

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024

scenario. The employees in those categories will be only
indirectly influenced by the optimization, with some
exceptions. For example, more I&C means more engi-
neering support is required. However, if the fleet of
microreactors reaches a substantial size, say, on the
order of 100 units, variations in these staff should have
a small impact on the cost of energy generated by the
fleet.

II.LA. 0&M Models for Microreactors

The optimal staffing model (Model 4 in Table I) that
we propose entails a new organization of microreactor
O&M with respect to existing large-size nuclear power
plants. Most staff of current large-size nuclear power
plants work full time for the same plant, and almost all
the staff that are necessary during normal operation (with
exception of outages) are based on site.

In our scenario, a microreactor is no longer a stand-alone
plant; rather, it becomes an asset supported by a service
company that employs the staff whose work is shared
among multiple microreactor units and sites. This is a fleet-
type O&M model, as shown in Fig. 1. No personnel will be
permanently on-site. Instead, workers will monitor a fleet of
microreactors simultaneously, 24 hours a day, 7 days a week
(24/7) from a remote location. In our study, we calculate the
average number of reactors that should be monitored remo-
tely on the basis of the time required by each microreactor.
We did not investigate if it is feasible for a person to effec-
tively monitor the resulting number of reactors. Thus, the
number of microreactors that can be effectively monitored in
parallel by a single person has to be confirmed by human
performance analyses, which is not part of this study.

The remote monitor, who is not an operator in
a traditional sense, has a supervisory role and can inter-
vene when needed. For example, the remote monitor can
trigger a controlled shutdown via the reactor control
system (RCS) rather than the reactor protection system
(RPS), which is safety grade and thus cyber isolated on-
site. The remote monitor cannot and does not have to
perform any reactivity manipulation during the normal
operation of the microreactor. In fact, the remote monitor
has no access to remote operation of any system on-site.
The only signal they can send to the plant is the shutdown
signal, in case of deviation from normal operational para-
meters. They could in principle intervene on the power-
following signal, but this is not something that is gener-
ally expected or envisaged. In fact, their main function is
monitoring transients. As the remote monitor assignments
are very limited with respect to an existing nuclear power
plant, it may be possible for remote monitors not to be

@ANS
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TABLE I
Staffing Models for Microreactors
Models
1 2 3 4
Predictive
Maintenance Optimized
First Units Reference Addition Model
Predictive maintenance? No No Yes Yes
Monitoring maintenance staff On-site Yes Yes No No
Remote monitoring? No No No Yes
Remote monitors Off-site No No No Yes
Autonomous operation? No No No Yes
Operators On-site Yes Yes Yes No
Off-site No No No Yes
Security staff On-site Yes No No No
ETE RSN vy
i
Proprietary staff Shared staff
BEFORE AUTOMATION AFTER AUTOMATION
once/
. 24/7
- day

oo || ollo

gy
2
9

Fig. 1. Fleet-type O&M model for microreactors with remote monitoring and no personnel on-site.

licensed nuclear operators, once the technology is well
demonstrated. This approach alone should significantly
reduce operations personnel and training costs.

Each microreactor operates autonomously, with load-
following capabilities determined by the energy demand at
any given time. In this approach, all operational decisions and

@ANS

actuations remain within the nonsafety domain. Thus, the
independence of the safety-grade protection system is pre-
served. In the event of upset conditions that push the system
beyond the prescribed setpoints, the fully automated and
isolated protection system initiates reactor shutdown and
possibly other emergency safety features to guarantee

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024
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shutdown with reliable heat rejection to the ambient and
radioactivity retention. There is therefore no need for
human intervention either on-site or remotely to achieve
a safe shutdown state. For safety and security reasons, once
shut down, the reactor cannot be restarted remotely (i.e.,
a human operator must visit the site, manually reset the trip
condition, and again manually initiate the restart procedures).
In general, personnel will be on-site only to perform main-
tenance activities, planned in advance with the aid of pre-
dictive maintenance.

With the hypothesis made in this study, steady-state
operations occupy, on average, more than 99% of the
total operational time per year in our reference model.
For this reason, we chose to study the automation of the
steady-state operations, as they are the ones that, if auto-
mated, will result in the strongest reduction of FTEs
needed. As already mentioned, for security reasons we
choose to require a human operator action on-site to
restart the reactor after a planned or unplanned shutdown.
Every transient that may occur with parameters that could
deviate from the expected range, but not enough to cause
an automatic shutdown, will be monitored from the
remote-monitoring facility. As will be evident in
Sec. III, transient operations management involves
a very low FTE cost per year—0.02 million of United
States dollars per year (MUSD/yr)}—which reduces the
incentive to automate these operations further. Figure 2
illustrates the subdivision between steady-state operation
and transients and how they are managed.

Additional instrumentation may be useful to signifi-
cantly increase OLM capabilities of key structures,

Steady-State

Transient operations

systems, and components of interest; improve early
detection of failure precursors and potentially estimate
the remaining useful life; and help with the planning for
predictive maintenance. Grouping staff in a centralized
hub will optimize the organization of work and will
reduce the inefficiencies and extra costs of having work-
ers distributed at several locations. With this approach,
worker downtime is reduced, as they continuously per-
form O&M for a fleet of microreactors according to
a carefully planned schedule.

We also present three models of O&M that may be
implemented in sequence from the very first microreactor
units deployed to the ultimate goal of a large fleet of
microreactors. For the first units (Model 1 in Table I), we
envision a very conservative staffing scenario. In fact, we
assume that they will be staffed according to the same
philosophy of a current nuclear power plant. That is, we
assume the presence on-site of armed guards and opera-
tors 24/7, plus maintenance workers on-site on one shift,
and off-site on call. For the second model (Model 2 in
Table I), we hypothesize that a consequence-based ana-
lysis of security threats could justify the elimination of
armed guards on-site and rely on external security force
intervention instead. This model differs from the first one
only for the absence of armed guards on-site. This sce-
nario has been selected as the reference model for our
cost calculations. We selected it as it represents the base-
line staffing cost for any scenario with no operation and
monitor maintenance off-site staff. The number of FTEs
chosen to ensure site security, depending on each specific
case, can then be added on the top of this baseline. The

Transient o perations

Operations with SCRAM w/o SCRAM

L L

Monitoring | | |

Activities Refueling | I
Startup & I

Shift Sensor Power Shutdown | [l Interventions |

Checks operations | w/o SCRAM I
Unanticipated |

Prognostics SERL l I |

Activities | | |

— e — —

Fully automated
with controllers

interventions onsite by

Monitored by remote
monitors

Limited-time

operators

Fig. 2. Steady-state and transient operations tasks subdivision and management.
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third model (Model 3 in Table I) is still based on the
presence on-site of operators, whereas the presence on-
site of maintenance staff is eliminated by the introduction
of I1&C for predictive maintenance. In this way, the repair
maintenance operations can be planned in advance, and
both monitoring and repair maintenance staff does not
have to be on-site full time. Operators will also be
impacted, as some of the predictive maintenance tasks
they wusually perform during each shift are now
automated.

The transition from the highest to the lowest staffing
models will likely occur in steps, driven by the demon-
stration of safe operation for an extended period of time
at each step. The nuclear regulators will need reliable
operating data to gain confidence that moving from the
current regulations for nuclear power plant licensing to
such a new and different model of operation is accepta-
ble. The absence of armed guards on-site is already
a reality in a number of experimental nuclear facilities,
including the Massachusetts Institute of Technology
Research Reactor (MITR). In these cases, as deemed
sufficient by the U.S. Nuclear Regulatory Commission,
security is assured by external forces, i.e., Massachusetts
Institute of Technology (MIT) police and Cambridge
police in the case of the MITR, who are able to intervene
in case of intrusion or attack before unacceptable damage
can be done to the reactor or, in case of damage, an
unacceptable radiological release. The security analysis
is out of the scope of this study but is being performed
concurrently by other research teams.!'" Here, we simply
assume that such consequence-based analysis has demon-
strated that a constant armed force presence on-site is not
necessary.

Moving the maintenance staff off-site should not
pose a regulatory challenge, as it has a negligible impact
on safety. Of course, it can have operational implications
if predictive maintenance and maintenance planning are
not properly managed, leading to unplanned shutdowns
of the reactor. This would be an economic performance
and reliability concern, not a safety concern. It is
expected to become more manageable as reactor life is
accrued and as more experience is gained from operating
the microreactors.

The transition from on-site nuclear operators to off-
site monitors could necessitate greater regulatory scrutiny
because it could have safety implications. It will have to
be demonstrated that on-site operators are not needed
during either normal operations or abnormal occurrences.
This can be done by the vendors and regulator through
a carefully supervised series of tests on the first unit(s)
deployed to show that the autonomous control system can

@ANS

reliably manage normal operations. The tests would need
to demonstrate that protection and safety systems can be
adequately engaged to shut down the reactor and ensure
core cooling after postulated abnormal occurrences. In
addition, to further reduce costs, reactor vendors could
also make a convincing case that given its very limited
responsibilities, the remote monitor might not need to be
a licensed nuclear operator. In fact, the only capability
a remote monitor has in our model is to send on-site
a signal that shuts down the reactor. Remote monitors
do not perform power maneuvering and do not influence
any accident scenario. They just review the data sent
from the site to the centralized monitoring room and
intervene only in a case where they notice values outside
the acceptable range that the systems on-site failed to
consider abnormal. The only workers who need to be
licensed nuclear operators are those called on-site to
restart the reactor after a shutdown.

11.B. Potential Cost-Reducing Technologies

Technologies for autonomous operation, remote
monitoring, and predictive maintenance enable the opti-
mized O&M models described in the previous para-
graphs. We can distinguish two types of 1&C systems:
the RPS and the RCS. The RPS is a safety-grade system
that ensures the safe shutdown of the reactor and the
actuation of safety systems to remove the residual heat
from the core under all abnormal conditions. Any I&C
system that is part of the RPS must be safety grade with
a high degree of reliability. In our study, none of the cost-
reducing technologies were intended to interact or be part
of the RPS. In fact, we propose that (1) 1&C enhance-
ments to enable autonomous operations be part of the
RCS; (2) 1&C used for the remote shutdown function
actuation be part of a new system, completely separate
from the RPS, and separated but interacting with some
components of the RCS; and (3) 1&C for predictive
maintenance read measurements from the sensors
included in the RCS and elaborate these data to create
plant health indicators and the desired maintenance plan-
ning, as shown in Fig. 3. Hence, the RPS is not influ-
enced by our analysis and will be designed and licensed
in a traditional fashion. For cybersecurity reasons, the
RPS must be disconnected from all the remote network
routes and, thus, have no connections with the RCS.

Il.B.1. 1&C System

The I&C system concept presented here follows
a mature approach and establishes design practices to

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024
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operation |
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I
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Predictive :
> . >
maintenance |
|

Fig. 3. 1&C systems and interconnections among them.

minimize risk. Despite vast differences in core fuel
design, coolant types, and connected systems, most [&C
designs possess similar features with minor differences
due to the individual attributes of each concept.
Principally, we adopt the separation of protection and
control functions consistent with 10 CFR 50, Appendix
A.® To the extent possible, we identify components (i.e.,
sensors, transmitters, front-end electronics for signal con-
ditioning and processing, and I&C platforms) that are
commercially available for deployment and, particularly,
all those components with nuclear pedigree. For certain
reactors, we note technology gaps given the challenging
environmental conditions, such as high operating tem-
peratures, that may increase cost and delay procurement
of these devices.

The envisioned 1&C architecture includes two top-
level systems: (1) the RPS and (2) the RCS. Additionally,
the architecture employs two user interfaces: (1) main
control room consoles to interact with the RPS and
RCS and (2) remote control consoles.

Briefly, the RPS automatically initiates trip for limit-
ing fault conditions and provides additional posttrip func-
tions for uninterrupted heat rejection. It is designated as
a safety system and can be implemented as an analog or
digital platform. Typically, the RPS includes the trip
system, commonly referred to as the reactor trip system,
and the engineered safeguards features actuation system.

®Code of Federal Regulations, Title 10, “Energy,” Part 50,
“Domestic Licensing of Production and Ultilization Facilities,”
Appendix A, “General Design Criteria for Nuclear Power Plants,”
U.S. Nuclear Regulatory Commission.
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The RPS design entails instrumentation that includes
neutron flux monitors (wide range and power range), core
inlet/outlet thermocouples, differential pressure transmit-
ters (primary side), flow transmitters (secondary), and
seismic accelerators, to mention a few.

As a use case for this study, a similar number to the
number of sensors in the MITR is used as a proxy for
a commercial microreactor.!'?! Its thermal power output
of 6 MW(thermal) is taken to be representative of con-
cepts under consideration by industry. While the MITR
does not include a balance of plant for power generation,
many of its sensors are for experiment irradiation testing.
As a result, it is assumed that the overall number of
sensors is representative of potential commercial designs.
Specifically, this microreactor-scale facility has approxi-
mately 250 total sensors, of which approximately 75 are
connected to power maneuvering actions, plus approxi-
mately 55 actuators. In Sec. III, we perform a sensitivity
analysis on the cost reduction by variating the number of
sensors. In this case, we maintain the ratio of power
maneuvering sensors to total sensors and actuators to
total sensors similarly as in the MITR use case.

I.B.2. Autonomous Operation

The 1&C used for autonomous operation will be an
integral part of the RCS, representing an upgrade of the
baseline system, which typically needs operator action
for power maneuvering and adjustments. The new sys-
tem will be similar to aeroderivative gas turbine opera-
tions, which can be manually operated but can also
operate in autonomous mode. The use of artificial
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intelligence and machine learning techniques may
enable adjustment of the operating parameters to ensure
real-time optimal performance.!'*! This also eliminates
the need for manual tuning and human intervention. For
example, General Electric makes autonomous operation
solutions available for plants up to 53 MW of power
output.['3! Further, Mitsubishi Power is on the path to
operate the first autonomous large-scale combined-
cycle plant!*: T-Point 2 delivers 566 MW of power,
and step-by-step automation systems are being added,
with the final goal of achieving a fully autonomous
plant. These solutions need to be translated to the
nuclear context.

The regulatory and implementational challenges
connected to transferring autonomous operation from
other industries to the nuclear industry are detailed in
Ref. [14]. Cyberattack concerns are relevant, as the
autonomous operation infrastructure has to receive data
from the remote-monitoring room. The reception and
implementation by the microreactor of a fraudulent
power-following signal could cause two main problems.
On one hand, it could cause nuclear safety concerns, for
example, if characterized by frequent oscillations that
may cause component fatigue cycles, which could be
detrimental to the lifetime of a microreactor’s compo-
nents. On the other hand, a signal that causes
a mismatch between demand and generation may result
in economic loss or, even worse, serious disruption of
customer activity, especially if the microreactor is ser-
ving critical infrastructures or providing energy to com-
munities that depend on its power to cover basic needs
(e.g., hospitals).

I.B.3. Remote Monitoring

The proposed vision for remote monitoring is to have
on-site infrastructure that processes all the parameters
received by the sensors and systems and then stores the
parameters on-site, sending to the off-site monitoring
room useful information that can be processed for better
understanding of the plant operating conditions and
health. The transmission of information happens through
monodirectional data transmission systems with optical
separation or similar solutions to minimize the threat of
cyberattacks. An illicit shutdown signal from the remote
monitor room is the main cyberattack concern for this
infrastructure. We foresee it being the only other system
able to receive a signal from off-site, in addition to the
power-following signal received by the autonomous
operation infrastructure. The cybersecurity objectives
can be realized by, for example, the integrity of the uplink
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between the remote-monitoring room and the site that—
along with certain message-encoding features for authen-
ticity—could be conceived as a basis for continuity of
operations. That is, if the microreactor site were to lose
connectivity with the remote-monitoring center beyond
a prescribed period of time, this might justify initiation of
reactor shutdown procedures.

The most important point here is that the I&C system
architecture and the entire communication infrastructure
must be designed for potential cybersecurity infractions.
The remote shutdown signal should thus be connected to
an independent system that can trigger the shutdown by
actuating the same reactivity control system that the RCS
has control of, but in an independent way, and not the
same reactivity control system the RPS is in charge of.
Moreover, the signal that can be sent from the remote-
monitoring room should be limited to a full insertion of
the shutdown system. Reference [15] presents
a framework to determine cybersecurity risks and best
practices to be implemented in microreactor designs.

I1.B.4. Predictive Maintenance

An appropriate plant health diagnostic system should
be deployed to allow predicting and planning necessary
maintenance and, in case of failures, alert the mainte-
nance staff of the necessity of an intervention. Sensors
and the associated data acquisition systems are inevitably
a costly investment, so it makes sense to prioritize the
inventory of components for monitoring based on their
safety and/or operational significance. Moreover, for
a given component, the modalities of monitoring will be
determined by its failure modes. Evidently, the breadth
and depth of this investment are a trade-off between up-
front capital investment versus lifetime gain in availabil-
ity and reduction of staff cost.

As an example, the decision strategy proposed in Ref.
[16] is to (1) identify the components that have more
influence on the analyzed system’s total probability of fail-
ure; (2) depending on the results from the failure mode and
effects analysis, decide which parameters to monitor; and
(3) identify the type and number of sensors needed. This
strategy provides a reasonable model to optimize the 1&C
costs. In fact, once the components and failure modes are
listed in order of importance, a business case can identify
which are worthy of continuous monitoring and which are
not. This optimization is particularly important for small
reactors, for which the cost of 1&C can quickly become
a considerable share of the capital cost, as shown in Refs.
[17] and [18]. Unfortunately, within the current regulatory
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framework, and based on precedent, I&C system costs are
basically fixed and are almost equal for both small and
large reactors since they do not scale significantly with
power output.

The thesis advanced here is that substituting personnel
with technology for monitoring the plant health realizes
a more reliable and potentially less costly system.
Workers can perform visual inspections and check basic
parameters only periodically, once or several times per day.
On the other hand, I&C can monitor the plant health 24/7,
providing a more complete picture of the plant conditions.
Moreover, the data and information collected by workers
during daily inspections are generally not recorded if there
is no deviation from the normal operating conditions.
Instead, information collected continuously by dedicated
sensors is recorded and can be used to infer the long-term
health of the plant, analyzing the trends and small devia-
tions that can pass unnoticed in worker’s inspections.

This data collection and signal processing, or data
analysis in more general terms, may be assisted or com-
plemented by artificial intelligence and machine learning
methods. The use of advanced analytics has been demon-
strated to reduce maintenance costs, on average, by 25%
and increase productivity by 25%.!"”) For maintenance
information to be available on-site to workers even in
a case of disconnection from the remote-monitoring
room, data elaboration and storage should occur on-site.
Then, predictive maintenance information is transmitted
off-site to the remote-monitoring room.

II.C. Estimation of Staffing Needs

With the four O&M models identified, we investigate
each one’s staffing needs as described in the following
paragraphs. When needed, we use the fact that one person
working 24/7 is generally equivalent in the U.S. nuclear
industry to 5 FTEs.*™ This derives from the practice of
organizing 24/7 work into five shifts, to cover shifts,
associated training, and personal leave.

On the operations side, we made three different
hypotheses. For the first and second O&M models
(Models 1 and 2 in Table I), we estimated the number
of operators needed on-site to cover the different activ-
ities expected in the day-by-day operation of the micro-
reactor on a per-shift basis. These activities are the ones
strictly related to the reactor’s operation: load-following
power operations and the monitoring maintenance activ-
ities performed on a shift basis, which include shift
checks of sensors and shift sensors’ monitoring activities.

We also estimated whether operators had the avail-
ability to perform some of the other monitoring
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maintenance activities, which are due on a weekly
basis. To do so, we calculated how many hours per shift
the operators have left after performing their main activ-
ities and whether these hours are sufficient to perform
other activities. In the third model (Model 3 in Table I),
operators are asked to perform only the load-following
power operations, as the other two tasks are now trans-
ferred to the predictive maintenance 1&C.

For the optimized microreactor fleet remote-moni-
toring staffing scenario (Model 4 in Table I), we made
the hypothesis that the I&C for autonomous operation
and predictive maintenance can manage the day-by-day
regular power activities and regular monitoring. In this
scenario, we calculated the equivalent average number
of remote monitor FTEs needed off-site per reactor by
estimating the number of unanticipated transients with-
out shutdown for the reactors that are monitored from
the remote-monitoring room. As previously explained,
the workers at the off-site monitoring room do not have
any other control over the reactor apart from making the
decision to send a shutdown signal to the reactor. Thus,
these transients are situations in which data coming
from the reactor deviates somehow from the normal
operation envelope but not enough to result in
a shutdown decision. The monitoring room is called
upon to monitor the reactor status for a certain amount
of time and if the monitors adjudicate if the reactor must
be shut down.

Equivalently, to identify the monitoring maintenance
staff needs, we started by identifying the monitoring
maintenance activities needed by the systems on
a nonshift basis. These are prognostic sensor checks
programmed, for example, on a weekly basis. For the
first two models, these tasks are assigned to the operators
on-site if they have enough time during shifts to perform
them, or to additional FTEs that work on one daily shift
(8 h/day, 5 days a week), whichever is more cost-
effective.

In addition, the model ensures that people regularly
on-site can manage additional activities needed during
unanticipated transients, both with and without a reactor
shutdown, and when the reactor is disconnected from the
local grid to be shipped to the centralized refueling and
maintenance facility. If they cannot, additional staff may
need to be sent on-site, so their cost is added to the total
FTE cost.

For the third and fourth scenarios, the equivalent
number of FTEs that travel to the sites to manage unanti-
cipated transients with a reactor shutdown and shipping
preparation is calculated while accounting for the travel-
ing time to the site. As these workers’ duties include also
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restarting the reactor after a shutdown, they must be
licensed nuclear operators.

The frequency of checks per shift or per week is based
on standard industrial practices. Surveillances, which are
activities required to demonstrate regulatory compliance,
are performed at various frequencies. In addition to mea-
surement, they involve testing equipment (e.g., starting
a pump to confirm it will run when needed). Inspections
are also performed on systems that do not perform safety
functions to enable predictive maintenance. Whether for
inspections or surveillances, the frequencies of those activ-
ities are equipment and age specific or condition specific.

On the security side, we assume the presence of
security staff on-site only for the very first scenario and
thus only for the first microreactor units deployed. In
particular, we assume two armed guards 24/7 on-site
only for the first O&M model. For all the other models,
we hypothesize that a consequence-based analysis could
justify the elimination of armed guards on-site altogether.

11.D. Cost Model

An important part of this work is demonstrating that
an optimized O&M staffing approach is economically
competitive with respect to the baseline heavily staffed
approach. To do so, we compare the approaches on the
basis of two costs: staffing and 1&C. A model was gen-
erated based on the total number of sensors for a given
system. While the values for the MITR are used as an
example, in theory, this model can be applied to any
microreactor design.

On the staffing side, as a reference annual base wage
for the personnel, we assume 110 000 in U.S. dollars
(USD), in line with the estimates from the U.S. Bureau of
Labor Statistics?!! for nuclear operators. We chose to use
the same wage for all the workers. We added the costs the
company incurs for staffing, following the example of a cost
estimate report published by Dominion Energy.*! These
additional costs are (1) staff overtime, 7.5% of the base
salary; (2) staff retirement and benefits, 38.5% of the base
salary; (3) staff bonus and incentives, 8% of the base salary;
and (4) staff payroll tax, 7.7% of the base salary, plus the
staff overtime. In total, the cost per FTE to the company is
178 500 USD/yr. On the 1&C side, from a cost subdivision
perspective, 1&C could be categorized under either the
capital cost or the running cost of the microreactor. The
cost is based on the number of sensors, I&C hardware, and
software. Note that the I&C may have a short lifetime
compared to the other microreactor equipment and thus
require frequent maintenance, testing, and replacement.
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To compare the staffing cost, expressed in USD
per year, and the additional 1&C cost, expressed in
USD, we levelized the 1&C cost to an equivalent annual
cost in USD per year assuming a lifetime of 10 years as
a reference and using a weighted average cost of capital
of 8%. The equivalent annual cost can be found by multi-
plying the initial capital cost of I&C by the annuity
factor:

EAC =1C x A4, (1)
with
 [p——
(14r)
A, = , 2
= @)
where

EAC = equivalent annual cost
IC = initial capital cost
A;, = annuity factor
r = weighted average cost of capital
¢t = number of years.

The model can then be used to conduct a comparative
analysis and determine if the substitution of labor with an
increased 1&C capability is economically beneficial. For
this, we compute the difference in yearly costs between
the reference on-site staffing scenario and the fully
remote one AC with the following formula:

AC = UyP — [(N;C. x 4,,) + UrP + C,,] (3)
with
Ur =" fuiltupi + 1) (4)
where
Uy = utilization (% of time) for fully manual

operation

Ur = utilization (% of time) during transients for
autonomous operations

Jm,; = frequency of sensor i operation demand (Hz)

tm; = duration of sensor i operation measure-
ment (s)

tmp,i = processing time of sensor i operation infor-
mation (s)
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Ny = number of sensors

C. = controller cost per sensor (USD)

C,, = annual wireless transmission costs (USD/yr)
A;, = annuity factor (1/yr)

P = cost per FTE (USD/yr).

I.LE. Assumptions Used

Table II lists the various assumptions used in the
model along with their corresponding source or basis.
The study here should be interpreted as a reasonable
estimate rather than a detailed cost estimation. The
assumptions identified as “expert-based” are based on
the authors’ judgment.

Il RESULTS

The results are presented in two sections: (1) estima-
tion of security, operation, and maintenance staffing
needs, and (2) application of the cost model to estimate
the savings deriving from the automation of different
tasks.

lILA. Estimation of Staffing Needs: Security Staff,
Operators/Monitors, and Maintenance Workers

As previously described, for each on-site scenario
(Models 1 and 2 in Table I), the model estimates the
number of operators needed, and then, it calculates if
and how many monitoring maintenance workers on one
shift are needed on-site to complement the work of the
operators. In particular, we divide routine tasks between
operation activities (load-following) and monitoring
maintenance activities (sensor shift checks, monitoring
shift checks, and prognostic sensor checks). Moreover,
we distinguish between shift activities, which need to be
performed during each shift and thus by people working
on three shifts/day (load-following, sensor shift checks,
and monitoring shift checks), and weekly activities (prog-
nostic sensor checks), which may be also carried out by
people working on one daily shift, meaning 8 h/day and
5 days/week. With this information, the model estimates
the minimum number of operators needed per shift, divid-
ing by 8 (the duration of one shift in hours) the total
hours of work required by the various shift activities. The
total number of operators required is then the number of
operators per shift multiplied by 5 (i.e., the number of
FTEs needed to cover three shifts/day plus training and
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personal leave). Then, the model calculates how many
total hours per week the operators could devote to weekly
activities. If the operators are not able to cover all the
weekly activities during their shifts, the extra weekly
hours are allocated to maintenance FTEs working on
one shift. Last, the model checks if the people on-site
can also manage transients, that is, unanticipated transi-
ents without reactor shutdown, unanticipated reactor shut-
downs, and activities in preparation for the transportation
oft-site for refueling and main repair maintenance activ-
ities. If the number of people on-site is not sufficient, the
model calls for extra help from people off-site to manage
transients, and it thus will add an additional portion of
FTE time.

The first microreactor units (Model 1 in Table III)
require security staff on-site. We estimate that at least
two people per shift will be needed, which means at
least 10 FTEs in total, taking into account the 24/7
factor. Even with this number, which may be a lower
bound, when comparing Table III’'s Models 1 and 2,
the huge impact that security staff have on the total
number of FTEs needed can be seen, which supports
the previously described need to develop and demon-
strate with the first units a strong security case to
justify the absence of armed guards on-site for the
fleet.

In the third model (Model 3 in Table III), predictive
maintenance eliminates the need for manually monitoring
maintenance activities (sensor shift checks, monitoring
shift checks, and prognostic sensor checks). Thus, in
a way similar to Models 1 and 2, the number of operators
is calculated for the load-following activities plus transi-
ent management.

The optimized model (Model 4) foresees no person-
nel permanently on-site. In this case, predictive mainte-
nance, remote monitoring, and autonomous operation
substitute most of the human activities during normal
operations. Thus, the personnel are needed only to man-
age transients. As described in previous sections, two
types of personnel are trained to manage transients in
this model: remote monitors, who monitor several reac-
tors from a centralized monitoring room, and field opera-
tors, who are not permanently on-site and travel on-site
only when needed to restart the reactor or prepare it for
shipment. The FTE time that these activities involve is
the same as in the previous cases, plus additional travel
time that has to be taken into account to move the
operators from the central facility to each site where
intervention is needed. As can be seen from the results
presented in Table III, this analysis confirms the idea that
transient management has a very low impact on cost and
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TABLE 11
Assumptions Used in the Cost Model

Category Assumption Value Source
1/O variables Total number of sensors 250 Reference [12]
Power operation sensors 75 Reference [12]
Number of systems 13 Reference [12]
Number of actuators 55 Reference [12]
Operation activities Load-following ramps (1/day) 2 Expert based
Ramp rate (power %/min) 0.01 Expert based
Increment limit (%) 0.2 Expert based
Percent of power sensors to check during ramp-up/ 30 Expert based
ramp-down (%)
Percent of actuators involved during ramp-up/ramp- 30 Expert based
down (%)
Time per sensor check (s/check) 30 Expert based
Time per actuator check (s/check) 60 Expert based
Hours worked per year per person (h/FTE/yr) 1790 | Expert based
Shift duration (h) 8 Reference [20]
FTEs needed to cover shifts 24/7 (FTE) 5 Reference [20]
Monitoring maintenance activities — | Number of checks per shift (1/shift) 2 Expert based
sensor shift checks Time per sensor check (s/check) 30 Expert based
Monitoring maintenance activities — | Number of checks per shift (1/shift) 1 Expert based
monitoring shift checks Time per sensor check (s/check) 60 Expert based
Monitoring maintenance activities — | Number of checks per week (1/week) 1 Expert based
prognostics sensor checks Time per sensor check (s/check) 960 Expert based
Transients Number of refueling startups and shutdowns (1/year) 0.4 Expert based
Startup/shutdown operation duration (h) 8 Expert based
Unanticipated shutdowns per year (1/year) 0.5 Expert based
Unanticipated interventions without shutdown per year 24 Expert based
(1/year)
Unanticipated intervention duration (h) 4 Expert based
Workers needed during shutdown/restart operations (FTE) 2 Expert based
Hours of travel before plus after intervention on-site (h) 16 Expert based
Autonomous 1&C requirements I/O per controller (1/controller) 50 Expert based
Controller redundancy 2 Expert based
I/O card per controller (1/controller) 5 Expert based
Costs Annual cost per FTE (kUSD/yr)* 179 References [20]
and [21]
Capital cost per controller (kUSD) 50 Expert based
Capital cost per 1/O card (kUSD) 5 Expert based
Commissioning and integration cost per controller 50 Expert based
(kUSD)
Capital cost for information transmission hardware 500 Expert based
(kUSD)
Secure information transfer yearly fee (kUSD/yr) 60 Expert based
1&C lifetime (yr) 10 Expert based
Cost of capital (%) 8 Expert based

akUSD = thousand of United States dollars.

@ANS

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024




ASSESSMENT OF TECHNOECONOMIC OPPORTUNITIES - NARANJO DE CANDIDO et al. 13

TABLE III

Maintenance Workers, Plant Operators, and Security Staff Models Considered for Microreactors

Models
1 2 3 4
Predictive
Maintenance Optimized
First Units Reference Addition Model
Predictive maintenance? No No Yes Yes
Monitoring maintenance staff | On-site (FTE) 2 2 — —
Remote monitoring? No No No Yes
Remote monitors Off-site (FTE) — — — 0.05
Autonomous operation? No No No Yes
Operators On-site (FTE) 10 10 5 —
Off-site (FTE) — — — 0.05
Security staff On-site (FTE) 10 — —
Total On-site (FTE) 22 12 5 —
Off-site (FTE) — — — 0.10
Total staffing cost On-site (MUSD/yr) 3.93 2.14 0.89 —
Off-site (MUSD/yr) — — — 0.02

FTE numbers, and thus, their automation, if feasible,
would probably not be economically attractive.

In all the models, the annual cost of personnel is
calculated by multiplying the number of FTEs by the
previously cited annual cost of 178 500 USD/yr.

Table III summarizes the results of the staffing analysis
from the previously introduced four models of O&M. We
think these four models may be implemented in sequence
from the very first microreactor units deployed to the ultimate
goal of a large fleet of microreactors for a reactor of
a complexity with the number of sensors similar to the
MITR. In all of these models, we consider the highest-cost
case from the organizational point of view (i.e., a single unit at
each site). Again, only monitoring of maintenance workers,
plant operators, and security staff is included, as those cate-
gories are the only staffing categories the optimization is
focused on. As expected, the highest impact on FTE numbers
is due to 24/7 activities. Thus, eliminating the need for any 24/
7 position should be the priority in an optimization exercise.

As previously described, the operators, remote monitors,
and maintenance staff for the remote scenario represent the
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average number of FTEs allocated to each reactor. This
average cost allocation works only if the number of systems
managed is high enough (calculation outside the scope of this
paper), so that the average number of FTEs allocated multi-
plied by the number of systems well represents the actual
number of people employed by the service company in that
role. At the opposite extreme, in the case of servicing a single
microreactor, this averaging would not work at all, as the
necessary workers would be equal to the number of workers
needed in parallel to execute the most demanding task.

For example, if one task needed five people working
in parallel, the service company would employ at least
five people, independent of the total number of reactors it
is effectively servicing. The result of our analysis is that
one remote monitor worker can devote enough time to
monitor 20 reactors at the same time (1/0.05 = 20). This
capability should be confirmed in future studies by
a human performance analysis. In fact, this number may
have to be lowered in order for the workers to be able to
devote more attention to each individual reactor, espe-
cially in the instance of more than one reactor transient

@ANS



14 NARANJO DE CANDIDO et al. - ASSESSMENT OF TECHNOECONOMIC OPPORTUNITIES

occurring at the same time. We reaffirm that only
monitoring of maintenance workers and plant operators
is included. Other categories of staffing must be added
if the goal is to estimate the total number of FTEs
needed by, for example, the service company that will
provide the O&M service to the microreactor fleet
(e.g., repair maintenance, engineering, administrative,
management, procurement, and training  staff
categories).

For the case with on-site staff, we assume one person
has skills in all reactor systems. This is a very unlikely
assumption since plant maintenance staff are qualified by
engineering field (e.g., electrical, mechanical, 1&C) and
by system. This number may be higher (e.g., six different

people).

111.B. Application of the Cost Model to Estimate Savings
Derived from Task Automations

The cost differential with respect to the baseline sce-
nario of the various O&M models applied to a reactor of
a complexity and number of sensors similar to the MITR is
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Fig. 4. Percentual cost difference when varying the num-
ber of sensors. Discontinuities are due to rounding to
integers in the function.

illustrated in Table IV. As can be seen, the first units will
have significantly more expensive O&M with respect to
the eventual optimized fleet, which achieves an ~82%
savings with respect to the reference scenario.

Next, we perform sensitivity analyses on the results.
In particular, for this model to be useful to reactors of

TABLE IV

Cost Differential of Analyzed Maintenance Workers, Plant Operators, and Security Staffing Versus Technologies Enabling
Operation with Off-Site Staff

Models
1 2 3 4
Predictive
Maintenance
First Units Reference Addition Optimized Model

Total staffing cost on-site (MUSD/yr) 3.93 2.14 0.89 —
Total staffing cost off-site (MUSD/yr) — — 0.02
Predictive maintenance 1&C yearly — — 0.16 0.16

levelized cost (MUSD/yr)
Autonomous operation 1&C yearly — — — 0.07

levelized cost (MUSD/yr)
Remote-monitoring 1&C yearly — — — 0.07

levelized cost (MUSD/yr)
Remote-monitoring yearly data — — — 0.06

transmission fees (MUSD/yr)
Total cost (MUSD/yr) 3.93 2.14 1.05 0.38
Difference from reference (MUSD/yr) +1.79 — -1.09 -1.76
Difference from reference (%) +83% — —51% -82%
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Fig. 5. Number of FTEs when varying the number of
sensors. Detail on the first 1000 sensors.

different complexity and numbers of sensors, we calcu-
late how the cost differential between the reference model
(Model 2) and the improved models (Models 3 and 4)
varies by varying the total number of sensors per reactor.
Starting from 50 and going up to 10 000 sensors/reactor,
the trend decreases, as shown in Fig. 4. It can be seen that
the potential savings may be greater for reactors that
require a higher number of sensors. The function reaches
a plateau of about —88% for over 22 000 sensors (not
shown in figure).

The curve is not smooth and shows discontinu-
ities because of rounding to integers in calculating
the number of monitoring maintenance FTEs on-site
(which appear in Model 2 only) and to multiples of 5
of operators on-site (Models 2 and 3 only). Figure 5
shows the number of FTEs calculated for Models 2,
3, and 4 for the first 1000 sensors. As already stated,
FTEs in Model 4 manage only transients from off-
site, the occurrence of which is not related to the
number of sensors installed. Thus, as shown in
Fig. 5, the number of FTEs for Model 4 remains
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Fig. 6. Yearly cost when varying the number of sensors.
Detail on the first 1000 sensors.
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constant (0.10 FTEs) varying the number of sensors.
The number of FTEs for Model 3 shows evident step
increases as the FTEs on-site are operators that work
on five shifts, and thus, each time one operator more
per shift is needed, the total number of FTEs
increases by five units. In Model 2, both operators
and monitoring maintenance workers are present on-
site. As monitoring maintenance workers work on one
daily shift only, their number can be incremented by
one unit at each time.

Figure 6 shows the calculated yearly cost of each
model for the first 1000 sensors. The trend is
a superposition of the FTE cost trend (which has the
same behavior of the number of the FTE trend) plus
linear trends, which represents the cost of I&C for
predictive maintenance (both Models 3 and 4), remote
monitoring (Model 4 only), and autonomous operation
(Model 4 only). Up to approximately 100 sensors, the
number of FTEs is the same in both Models 2 and 3;
thus, their staffing costs are the same. However, in
Model 3 there is an additional cost for predictive
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Fig. 8. Cost difference when varying the annual cost per
FTE.

@ANS



16 NARANJO DE CANDIDO et al. - ASSESSMENT OF TECHNOECONOMIC OPPORTUNITIES

-30% - Model 3

—Model 4
-40%

E-50% -

-60% -

-70%

-80% -

Yearly cost difference from Model 2
(reference scenario)

-90% -

$5.000 $7.000 $9.000 $11.000

Controller cost per 1/0 [USD]

$13.000 $15.000
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Fig. 10. Cost difference when varying the refueling
interval.

maintenance [&C. Thus, the cost of Model 3 is higher
in this range, meaning that the implementation of only
predictive maintenance without eliminating the pre-
sence of operators on-site is not economically advan-
tageous for reactors with a low number of sensors.
This trend explains the first positive peak evident in
Fig. 4. Figure 7 zooms in to show the behavior of the
curve in Fig. 4 for the first 1000 sensors.

Another trend that we analyzed is the variation of
savings when the annual cost per FTE is varied. As can
be seen in Fig. 8, even with a cost per FTE of 100 000
USD/yr, for Model 4, the savings are ~69%, and they
increase as the cost per FTE increases up to ~89% for
a cost per FTE of 300 000 USD/yr. The savings for
Model 3 start from ~45% and go to ~54%.

Even incrementing the controller cost per input/out-
put (I/0O) from the calculated 5000 USD to 15 000 USD,
the business case is still robust. Tripling this cost, the
savings for Model 4 pass from ~82% to ~61% and for
Model 3 from ~51% to ~36%, as shown in Fig. 9.
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Fig. 11. Cost difference when varying the transients
without shutdown frequency.

We also checked if the refueling interval had any
impact on savings. Figure 10 shows that managing transi-
ents has a very low impact on costs, as already mentioned.

A similar trend that confirms again the low impact
of transients on cost is the variation of the number of
unanticipated interventions without shutdown, as
shown in Fig. 11. It is interesting to note that at
a very high frequency (which would probably be
unjustifiable by design), there is a jump in Model 3,
where the operators on-site can no longer manage the
transients and thus need off-site support.

Another interesting trend is the variation in savings
with the number of load-following increments per day
(which depend on the variations in power demand) that
operators need to manage, shown in Fig. 12. Model 4
shows a monotone descending curve whereas Model 3
shows an ascending, nonmonotonic behavior. These two
behaviors can be explained looking at the curves represent-
ing the number of FTEs for the three models, shown in
Fig. 13. In fact, FTE costs, which derive directly from FTE
numbers, are the only costs affected in this sensitivity
analysis, as a reasonably higher number of actions
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Fig. 12. Cost difference when varying the load-following
increments per day.
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Fig. 13. Number of FTEs when varying the load-follow-
ing increments per day.

per day do not influence the cost of 1&C. As load-follow-
ing is one of the routine tasks that I&C manages in Model
4, the number of FTEs for Model 4 is not impacted by any
variation of load-following increments per day. Thus, the
cost of Model 4 remains constant with this variation.

On the other side, if the load-following is managed
by operators as in Model 3 and in the baseline case
(Model 2), the higher the number of activities connected
to load-following is, the higher the number of operators
needed to manage it is. For this reason, the number (and
the cost) of personnel in the baseline scenario and in
Model 3 always increases. The difference between
Models 2 and 3 is that predictive maintenance 1&C in
Model 3 takes over the routine monitoring maintenance
tasks, which correspond to the work of an average of 1.1
FTE/shift in Model 2. This number can be decomposed in
1 FTE/shift plus 0.1 FTE/shift. One FTE/shift corre-
sponds to 5 FTEs in total, which is the distance between
the plateaus shown by Models 2 and 3 in Fig. 13. The
workload corresponding to the additional 0.1 FTE/shift
for Model 2 can be managed by operators doing power
maneuvering—if they have enough time available—or, as
previously described, by people on one daily shift.
Looking at the curve representing Model 2 in Fig. 13,
the plateaus, which occur at a number of FTEs that are
multiples of 5, represent all situations in which the opera-
tors are able to manage the additional workload corre-
sponding to 0.1 FTE. Between two subsequent plateaus,
there is a transition zone in which extra FTEs on one shift
are needed to take care of the 0.1 FTE workload. As can
be noticed in Fig. 13, this implies that the difference
between the FTEs needed in Models 2 and 3 periodically
oscillates with a maximum of 5 FTEs.

Examining again Fig. 12, the periodic local mini-
mum peaks shown by the curve representing Model 3
correspond to the transition zones just described,
whereas the plateaus correspond to the situations in
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which both Models 2 and 3 show a plateau in the
number of FTEs. The curve for Model 3 in Fig. 12
has an ascending trend because as stated, the difference
in the number of FTEs between the two models is at
maximum 5 FTEs. This implies that the difference
between the costs of the two models does not increase
with the number of load-following increments per day.
Thus, as the total cost of both models increases, the
difference calculated in percentage becomes smaller.
The curve representing Model 4 in Fig. 12 is descend-
ing as the cost of the baseline case (Model 2) is
monotonic ascendent whereas the cost of Model 4 is
constant.

Figures 14, 15, and 16 display the trends obtained by
varying three of the parameters that influence the regular
monitoring maintenance tasks. In this case, since predic-
tive maintenance I&C manages these regular tasks in
both Models 3 and 4, the costs do not vary. The only
cost that varies is the cost of the baseline scenario
(Model 2) and, thus, the difference illustrated on the
y-axis of these figures. The cost of the baseline increases
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Fig. 14. Cost difference when varying the monitoring
check duration.
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Fig. 15. Cost difference when varying the shift check
duration.
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with increasing duration as these checks are made manu-
ally. Thus, at some point, it is necessary to hire more
personnel to manage these activities. This also explains
the discontinuous behavior due to the increase in cost for
each new hire.

IV. CONCLUSIONS AND FUTURE WORK

In this work, we proposed a pathway to optimize
staffing resources for microreactors. In particular, the
study demonstrated how to shift from an O&M model
in which security staff, maintenance workers, and opera-
tors are permanently on-site to a model in which the staff
visit the site only to execute programmed interventions.
To equip the microreactor for optimized staffing, we
identified autonomous operation, remote monitoring,
and predictive maintenance as the enabling technologies.
We calculated the staff needs for four analyzed scenarios.
Moreover, we presented a model to estimate whether it is
economically advantageous to increase the autonomy of
a system by introducing more I&C into its design and
reducing the number of FTEs working on the O&M of
the system.

The conclusions are that automation can help save
more than 80% in costs for on-site O&M of microreac-
tors. In fact, for the scenario with on-site staff, our model
calculated the need for 12 FTEs/microreactor (or 22 FTEs
if armed safeguards are present on-site). In the optimal
scenario, an average of only 0.10 FTEs is needed. Of
these 0.10 FTEs, 0.05 FTEs are operators going site to
site when the reactor needs to be restarted or when it
needs to be prepared for shipment. The other 0.05 FTEs
are remote monitors, who monitor the reactor parameters
from a remote-monitoring room. In other words, on aver-
age, one person monitors as many as 20 reactors. These
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0.10 FTEs are needed to manage the very low fraction of
time represented by operational transients (shutdowns,
restarts, slightly deviating conditions that need to be
monitored). In the optimal scenario, all the normal rou-
tine tasks that represent the vast majority of FTE time
spent on the reactor are carried out by I&C. Based on
these findings, we argue that there is limited reason to
focus on automating transient operation management.
Transient operation management represents a very small
fraction of the cost of operation, and transients are sub-
stantially more difficult to automate than normal
operations.

We then performed sensitivity analyses on parameters of
interest. These analyses confirmed the low impact of transi-
ents on the total cost and highlighted some interesting trends
to take into account during the design phase. In particular, the
business case for full automation of routine tasks looks
robust, but attention should be paid to small reactors for
which a partial remotization of personnel could, in fact, be
economically detrimental. The path from the first units
(which realistically will be required to have personnel on-
site 24/7) to the eventual unmanned fleet will require accu-
mulation of extensive operating experience from the first
units themselves. This experience should demonstrate that
the technology that allows the proposed O&M off-site orga-
nization is reliable and human presence on-site is not essen-
tial for the safe and reliable operation of the system.

The main limitation of this study is the lack of
sufficient detailed information about current microreactor
designs. To address this shortcoming, the MITR was used
as a proxy. However, the model can be easily modified to
assess the viability of autonomous operation for any
given scenario.

When more detailed information about microreactor
design and I&C is available, future work should build
a more detailed business case to confirm the validity of
the initial findings presented here. Moreover, future work
should study the optimal number of microreactors that one
remote monitor can effectively monitor. A human perfor-
mance study should confirm whether the number estimated
in this study, i.e., one remote monitor for 20 microreactors,
is feasible and if there is space for further optimization.
Additional work can also explore how the proposed model
with no maintenance workers or operators permanently on-
site impacts the other off-site staff and what would be the
total amount of staff that a microreactor fleet would need
to operate.

Last, the benefits of combined responsibilities for on-
site staffing (e.g., security staff functioning also as main-
tenance staff) were not considered here and could influ-
ence the final conclusions from this analysis.
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