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The nuclear energy industry is looking to next-generation reactor designs to
augment, diversify, and expand generation capacity in an increasingly complex
and varied energy landscape. A key element in this objective is
microreactors—small nuclear reactors which can provide flexible capacity at a
reduced scale compared to traditional large-scale nuclear reactors. Specifically,
microreactors could be used to provide clean, reliable combined heat and power
to remote communities, worksites, or facilities. However, the construction and
operations and maintenance costs to supply the required operator staffing and
physical supporting assets, such as control rooms, could be a limiting factor for
first adopters of the technology. Opportunities to reduce the cost of monitoring
and control activities could enable early adoption, allowing economies of learning
to take effect, spurring further adoption. A reduction in the number and cost
intensity of control rooms and operators per deployed microreactor could
significantly decrease the overall cost for a fleet of microreactors. To optimize
microreactor economic competitiveness, one solution would be to establish an
off-site operation facility for centralized monitoring and control (CM&C) of a fleet
of microreactors. Leveraging advances in digital instrumentation and control
systems could bolster the safety, reliability, and security of the remote
communication architecture inherently required to operate remotely. Digital
twins (DTs) are virtual replicas of physical assets which can be used for a
variety of applications, including analyzing I&C signals against a validated
model to perform several analysis and prediction functions. When
implemented properly, DTs can potentially detect anomalies and component
failures, and serve as a diagnostic tool for operators. These technologies can
enhance operator understanding and awareness, reduce the management
demand time on operators, and increase asset uptime by providing early alerts
for failures alongside insights to aid in predictive maintenance. Furthermore, a DT
system could enhance the secure and reliable communication architecture
necessary for remote microreactor operation by verifying signals and
suggesting or automating controls, thereby boosting their economic viability.
This research examines the economic effects of various control strategies ranging
from many individually and on-site controlled reactors to co-management of all
microreactors in a system from a single, off-site control center. Results from the
analysis are positive, revealing significant cost-reduction opportunities.
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1 Introduction

The successful operation of complex systems, such as a nuclear
microreactor, requires careful monitoring and analysis with timely
adjustments as needed. Control of a complex system has the
simultaneous goals of optimizing the desired state (e.g., uptime
and energy output) while minimizing non-desirable states (e.g.,
failures or time spent offline for maintenance). Digital tools,
models, and systems may help achieve this balance. Additionally,
human interaction is often desired to maximize the realization of
these goals or to satisfy regulatory requirements. However, on-site
human monitoring, control, and manual physical maintenance of
microreactors can be costly–particularly when the microreactor is in
an isolated, inhospitable, or otherwise challenging location.

Microreactors are a category of advanced nuclear power
technology defined as producing less than 10 megawatts electric
(MWe) (Office of Nuclear Energy, 2021) with high levels of
reliability. Their form factor, technological capabilities, and
transportability (whether from a manufacturing center to a final
operational location–or even mobility between multiple locations of
operation) make them great candidates for a variety of scenarios.
Microreactors are expected to be more competitive in applications
that currently experience high energy costs and specific geographical
or technological needs–like isolated energy users including
communities, industrial sites, or mines.

Decisions for the design, construction, application, and location
of a microreactor should be based on the most up-to-date and
accurate information available to ensure optimal deployment.
Several changes and advancements are required to make the
broad deployment of microreactors a reality, but a central
concern is that the capital and operational costs to monitor and
control microreactors must be minimized for expected first adopters
of the technology. This target will help achieve economic
competitiveness against alternatives to justify microreactor
utilization. Overcoming the cost intensity of human operation
while capturing its benefits can greatly increase the overall
effectiveness of the technology.

New digital tools and systems that aid operators in managing a
microreactor or even a fleet of microreactors may help to ensure
proper performance. A digital twin (DT) is defined herein as a digital
system that contains a virtual representation of a physical resource
and bidirectionally communicates with that resource during
operations (Browning et al., 2022). This virtual representation
may be comprised of models that predict future operations,
detect anomalies, and suggest changes that support the optimal
operation of the resource. This type of DT may reduce costs by
reducing the level of effort required by human operators to manage a
single microreactor or a system of many. With the support of a
digital twin, operators could more fully understand microreactor
operation, see predictions, and test the predicted results of control
inputs before committing to them.

ADT can understand the standard or average characteristics of a
system such as a given type of microreactor. Importantly, a DT also
understands the intricacies and deviations of an individual
microreactor over time and how it might differ from the average.
This understanding allows a DT to analyze, predict, and suggest
controls for an individual microreactor that are best suited to its
unique operation, not just to average operation conditions.

Upgrades can be scheduled, maintenance can be coordinated,
and outages can be predicted when the lifetime of components is
understood. The ability to predict and schedule maintenance and
replacement is particularly beneficial when the microreactor is
deployed in an isolated area.

1.1 Nuclear power technologies

Nuclear power technologies are broadly classified into three
categories based on the capacity of energy production, measured
either in megawatts electric (MWe) or megawatts thermal (MWth).
Traditional, large-scale NPPs produce anything greater than
300 MWe (Liou, 2023), with the largest plants producing
multiple thousands of MWe across multiple reactors. Small
modular nuclear reactors (SMNRs) are defined as having a
capacity of up to 300 MWe per unit. On the smallest end of the
scale, microreactors (MRs) are designed to produce a maximum of
10 MWe–though it must be noted that different organizations list
different capacities for these categorical classifications. “Fission
batteries”, which will be discussed in more detail in the next
section, refers to reactors of any capacity that achieve specific
qualities.

Traditional-scale NPPs operate across the world today, and
next-generation designs with new types of fuel and cooling
technologies are being built globally. Very few SMNRs are
currently operational, but more than 70 commercial SMNRs are
currently in development. Similarly, no microreactors currently
exist in a production capacity, but many designs are currently in
development with planned testing and deployment happening in
upcoming years.

Microreactors are a unique nuclear power technology due, in
part, to their physical size. Some are designed to be small enough to
be transportable by truck, plane, shipping vessel, or railcar (Office of
Nuclear Energy, 2021). This allows nuclear power to be used in ways
and reach locations that were previously impractical or impossible.
Additional potential use cases may include emergency response to
areas damaged by natural disasters, use in military bases, or as an
energy source for facilities that are off the grid, in addition to remote
or inhospitable locations, which have been discussed previously.

1.2 Fission batteries

The term “fission battery” (FB) envisions a future type of nuclear
energy system that could be used in a battery-like operation
(Agarwal et al., 2021). The system would be deliverable as an
unattended “plug-and-play” service. Five key attributes are used
to define a fission battery, the definitions here are sourced from
(Forsberg and Foss, 2023):

1. Economic–Cost competitive with other distributed energy
sources (electricity and heat). The FB becomes a replacement
for oil and natural gas in many applications.

2. Standardized–Developed in standardized sizes and power
outputs that enable large-scale factory production; that, in
turn, enable low-cost reliable systems. Production would be on
the scale of commercial jet engines.
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3. Modular and transportable–Readily and easily installed and
removed after use. The FB is sent back to the factory for
refurbishment or decommissioning. This moves major reactor
maintenance, fuel cycle and other operations from the customer
site to a central factory site.

4. Unattended–Operated securely and safely in an unattended
manner to minimize the burden of operations on the customer.

5. Reliable–Equipped with systems and technologies that have a
high level of reliability to support the mission life and enable
deployment for all required applications.

Note that the classification is capacity agnostic–meaning that the
term “fission battery” could hypothetically be utilized for a small-
scale MR up to a traditional-scale NPP. However, the term is
typically used in relation to SMNRs and particularly MRs.
Current work is focused on developing, building, and
demonstrating next-generation advanced reactors and
microreactors, but additional research is needed to create the
systems, technologies, and paradigms that will support the
realization of fission batteries.

Fission batteries will require technology that supports the
reliability of individual units, while also helping operators
understand any deviations that might exist between a given unit
and the average or standard operation for that type of unit. Systems
will provide functionality such as predicting behavior ahead of time,
finding and alerting on potential or impending anomalies, and
aiding in the optimization and maintenance of individual fission
battery units. These capabilities would help fulfill several fission
battery attributes, including economic, reliable, standardized, and
unattended. A DT of a fission battery could provide these
capabilities, making DTs a critical element in enabling the
remote operation of nuclear energy systems. Overall, DT
technology supports steps toward the desired states of economic,
reliable, and unattended fission batteries.

1.3 Digital twins

As discussed above, DTs are a digital replicant of a physical asset
and all its component entities. Individual sensors, components, and
materials are aggregated as well as the relationships and
dependencies between them. This collection of a united
dataset allows for advanced data analytics processes, such as
machine learning and artificial intelligence (AI), to be used in the
generation of predictive models. With a fully realized DT, relevant
human and machine inputs to a system can be simulated. This
allows for an understanding of what expensive error and failure
scenarios look like without enduring the associated costs and risks,
enabling users to devise optimal strategies for the avoidance of such
failures. Ordinary operational levels can be established and
understood across the asset and, when data levels are outside of
the norm, the root cause can be more easily identified whether in a
live or a simulated scenario.

The term “digital twin” has been in use since the early 2000s
(Grieves, 2002). The concept of a digital system that acts as a twin of
a physical asset has been growing in popularity and use over recent
years (Grieves, 2005; Grieves, 2006; Grieves, 2011; Grieves, 2014;
Jones et al., 2020). General Electric, for example, lists several

beneficial outcomes that have been enabled by DTs utilized
across multiple types of assets, including pumps, turbines, and
power stations (Parris, 2023). These benefits include increased
reliability, reduced reactive maintenance, and avoidance of lost
production by detecting and preventing failures (Glaessgen and
Stargel, 1818; Tuegel et al., 2011; Boschert and Rosen, 2016; Schluse
et al., 2018; Tao et al., 2019; Rasheed et al., 2020; Kochunas and
Huan, 2021; Lin et al., 2021). While existing NPPs do make use of
modeling and simulation to help validate reactor operations and
make some level of predictions, such modeling and simulation is
currently done in an offline, disconnected, and siloed manner
(Yadav et al., 2023). A DT that is integrated across the various
sources of data produced by a microreactor includes an appropriate
and validated set of predictive models and has bidirectional
communication, which may be a primary enabling element to the
successful remote operation of microreactors.

Remote communication is critical for DTs that enable remote
operation and control. Remote operation and control of physical
assets requires bidirectional wireless transmission of data to and
from an off-site location (Yadav et al., 2021a). These communication
challenges apply both within and outside the microreactor vessel.
Within the microreactor vessel, wireless digital sensors of
microreactors are exposed to harsh, high-radiation fields that
raise concerns about the survivability of the electronics system.
For ex-vessel applications, (those outside the microreactor and local
hardware), the network architecture needs to be developed to
integrate multiband and multifrequency requirements with
existing mature wireless communication technologies when
wireless transmission is to be employed. Specifically, microreactor
locations must install the infrastructure for utilizing the wireless
communication protocol, such as wide area network (WAN), radio
frequency, long-term evolution (LTE) broadband cellular
communication, and other wireless technologies that will meet
the data requirements for a DT.

The alternative is on-site operation of the microreactor through
wired communication that uses traditional electric cables. These
cables offer limited communication bandwidth, speed, transmission
distance, and signal quality, but are considered more desirable for
cybersecurity, operating experience, reliability, and compliance with
regulatory guidelines (Yadav et al., 2021b). Although they are
considered passive, long-lived components with high historical
reliability, these cables are exposed to environmental stressors
(e.g., temperature, radiation, vibration, moisture, and humidity)
and operational issues (e.g., external interference, voltage stress,
material defects, electrical transients) that can lead to cable failures.

Data storage and processing are additional concerns for the
remote operation of microreactors using DTs. If operation is to be
performed on-site, the data would have to be stored on premises
with computational resources provided for data analytics and DT
operation. The amount of data will most likely be large, approaching
terabyte- and even petabyte-scale over the course of months and
years. The bandwidth required for transferring these data or a subset
would be a concern for remote locations which likely lack the
requisite infrastructure for such intensive operations. Expansions
of communications infrastructure, if required, would add costs to
remotely operated systems. Future work is needed to examine
architectures best suited for reliable and timely remote operation
of microreactors. Architectures that make use of both a local DT on-
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premises and a remote DT run off-site, could aid in producing
reliable and validated DT predictions and decisions through the
comparison of outputs from each DT. This type of architecture
could provide a data subset to the remote DT, and therefore provide
a cost-effective solution by mitigating communication costs.

1.4 Early commercial adopters

Multiple studies have examined potential early commercial
adopter spaces for microreactors, with the general determination
that the technology will initially be best suited for niche spaces with
unique economic and technological contexts and needs (Abou-
Jaoude et al., 2021). Various potential use cases have been
described, including applications of microreactors to replace
diesel generators at mines, municipalities, or facilities in remote
areas of Alaska (Shropshire et al., 2021). Because these large energy
users are separated from primary electric grids, they rely on local
energy generation assets to supply the energy for operations.

This report assumes remote applications to be the likely first
adopters, and therefore are utilized as the use case for the study.
Large, off-grid, isolated energy users have both economic and
technical motivations to adopt microreactors, as their diesel
consumption is expensive, and their operations require a high
degree of reliability from generation assets. Additionally,
utilization of microreactors would reduce reliance on
multinational diesel supply chains and international politics that
can impact the price and accessibility of the fuel.

Another potential motivator for microreactor adoption is
carbon emission reductions. Different entities have varying
motivations for the decarbonization of operations—including
regulatory requirements and corporate commitments. For
example, the International Council on Mining and Metals, a
consortium including some of the largest mining companies in
the world, announced a plan to reach “net zero direct and indirect
carbon emissions by 2050 or sooner” (Reuters, 2021). Continuing
the example of a remote mine in Alaska, decarbonization may be
economically and technically difficult or infeasible solely using
common low-carbon technologies, namely wind and solar.
Mining operations generally have steady energy needs with high
reliability requirements, meaning that variable renewable energy
(VRE) powered systems would require both significantly overbuilt
capacity and thermal or battery storage to meet the user’s
requirements. MRs are better suited to meet the needs of mines
and many other industrial processes due to their consistent energy
output and high reliability. Nuclear microreactors could be
integrated with VREs and energy storage in some applications to
improve economic and technical performance—the technologies
can be complimentary as opposed to exclusive.

2 Materials and methods

Impacts on capital and operating expenditures are an important
factor to consider in the potential adoption of remote operation
strategies as enabled by CM&C and DTs. Cost-saving potential, if
significant, can provide further motivation beyond the expected
technical benefits to study and implement these technologies. To

examine the effects of CM&C on capital and operating costs, this
section conducts and discusses a differential cost analysis between
varying possible operational strategies, creating a generalized model
that can estimate costs for both hypothetical edge cases and core
cases. Due to the lack of experiential knowledge of microreactor
deployment and operation–and given the evolving nature of relevant
regulations–this report focuses on establishing the model and
bounding edge cases, setting a path for future examination of use
cases under specific operational and regulatory environments.

By constructing unique operational cases and establishing
realistic input parameters within a Monte Carlo model, this
research allows for the estimation of the capital and operating
costs of monitoring and control of NPPs. By differentially
comparing cases, impacts on overall costs can be established to
determine the magnitude of cost-saving opportunities specifically
enabled by remote operation capabilities.

As opposed to other research that calculates overall cost values for
microreactors in given scenarios (e.g., an overnight capital cost value
of $/kW capacity or a $/MWh levelized cost of energy), this report
considers only the costs directly attributable to and impacted by
operational strategy and holds all other factors constant (the “ceteris
paribus” assumption). Because the analysis is differential, any costs
not attributable to the monitoring and control of microreactors (any
costs that are identical between cases) are dropped from the model.
This approach allows for a specific focus on the potential cost savings
that can be captured through remote operation strategies as compared
to on-site monitoring and control.

This research examines applications of microreactors, for which
the production capacity is not an accurate proxy variable for
underlying operational complexity. Because of this, the costs of
remote monitoring and control are not modeled as a function of
reactor capacity or capacity factor. Operational requirements and,
by extension, costs are determined more so by their regulatory
environment, which is currently in flux for advanced nuclear
technologies. Due to this uncertainty, prognostication of any
specific regulatory framework is avoided in this research. The
current regulatory environment is designed for traditional NPPs
and is quite restrictive towards co-operation of multiple or many
reactors, especially remotely. As such, both the current regulatory
environment and an unregulated environment are considered to
examine both extremes. As regulations adapt to technological
advancements, more specific regulatory frameworks can be
examined within the methodology presented in this report.

The reactors managed within the study’s examined “system” can
be viewed as capacity, capacity factor, and technology agnostic.
Because these factors are removed, traditional economic measures,
such as $/MWh, are not presented. Additionally, because reactor
lifetimes differ between concepts and are impacted by regulatory
decisions regarding lifetime extension, this factor is also ignored.
Instead of using metrics such as weighted average cost of capital to
construct discounted costs or net present values, the monitoring and
control project capital expenditures (CAPEX) and a single
representative year’s operational expenditures (OPEX) are
presented as results. CAPEX refers to expenditures involved in
the purchase or upgrade of physical or intangible assets, for
example, a building, machinery piece, or the purchase of a
training program. OPEX refers to recurring costs, such as labor
and machine maintenance.
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This approach further increases the generalizability of the
results; however, the Monte Carlo methodology, which will be
described in the following section, was utilized to additionally
accommodate future design-specific research by including–but
not using–some parameters.

2.1 Monte Carlo method

To date, advanced nuclear microreactors have not been utilized in
commercial applications, meaning that experiential data is limited.
Additionally, the regulatory space for advanced nuclear reactors is in
flux–with requirements undergoing updates to match the unique
characteristics of emergent technologies. Because of the layered
uncertainties, it is difficult to provide reliable cost estimates for
monitoring and control activities. As such, it is appropriate to utilize
the Monte Carlo methodology which randomly selects values from
user-defined ranges, allowing for both baseline and sensitivity analyses.

For a detailed discussion of Monte Carlo methodology, readers
are directed towards the multitude of literature on the subject,
including (Metropolis and Ulam, 1949; Doubilet et al., 1985;
Rubinstein and Kroese, 2016). While useful for modeling and
describing the cost components of reactor monitoring and
control, this preliminary research is a simple application of
Monte Carlo, utilizing only uniform continuous or discrete
distributions to model parameters. This approach allows for
intuitive understanding of how inputs impact results, and
examination of the relative magnitude of each component cost
reduction opportunity. The analysis was run in the Palisade
@RISK program (v7.5) with 10,000 iterations.

2.2 Study cases

To examine the cost reduction between on-site and off-site
operation of MRs, three cases are constructed. Details about the
cases are presented in Table 1 but will also be discussed here. The
number of microreactors in the system is modeled as a uniform
integer distribution between 10 and 200 and a number from this
distribution is selected for each iteration. As MR technology
progresses and the expected level of adoption becomes clearer,
the range of this parameter can be adjusted to match market
conditions. Case 1 represents a conservative case where each
microreactor is sited individually and managed on-site from a
dedicated control room. Case 2 is more moderate, co-siting three
microreactors per site, which are co-managed on-site from two
control rooms in a shared control center. This case represents the
system taking advantage of flexibility in current NRC regulations,
which allow for reduced personnel and control rooms whenmultiple
reactors operate from the same location. These adjustments are
expected to reduce costs as compared to Case 1. Case 3 represents an
extreme case where all microreactors are remotely operated from a
single, unified control center. In this case, economies of scale, a
phenomenon where each subsequent unit added to a system requires
fewer resources to operate than the unit that precedes it, are utilized
as the determinant of staffing level as opposed to regulatory
requirements. The number of control rooms in the control center
is then determined by the reduced number of staff.

Case 3 is the only off-site management case, and thus the only to
use remote monitoring and control. As such, Cases 1 and 2 are the
“base” cases, used as comparison points to the “study” case, Case 3.
The cost profiles of each of the cases are compared within a Monte
Carlo methodology to determine the relative CAPEX and OPEX
under study assumptions. Figure 1 also presents each of the cases
and expected differences in costs.

2.3 Inputs, parameters, and assumptions

The following subsections describe the costs that comprise
CAPEX and OPEX for monitoring and control of
microreactors–the static and variable parameters that form the
comparative cost Monte Carlo analysis. Additionally, factors that
influence the costs are presented and discussed.

2.3.1 Capital expenditures (CAPEX)
CAPEX estimates were sourced from the Economic Energy Data

Base (EEDB) which was published by the United States Department
of Energy (DOE) in 1978 and updated until 1990 (Nuclear Energy
Agency, 2020). The EEDB data was accessed through the TIMCAT-
hosted Nuclear Cost Estimation Tool (NCET) which contains cost
estimates for, among other generation technologies, a 1,143MWe

pressurized water reactor (PWR) (Stewart and Shirvan, 2021;
Stewart and Shirvan, 2022).

NCET divides each cost component into three parts: off-site
factory, on-site labor, and on-site material (Stewart and Shirvan,
2021). Relevant line items from the EEDB were used to estimate the
costs for monitoring and controlling microreactors. “Median
experience” and “best experience” data are provided within the
dataset; this research uses the median experience (relatively higher)
costs. Two categories were selected for consideration: A.218A
(Control Room and Diesel Generator Building) and A.227
(Reactor Instrumentation and Control). Because these cost
estimates are for traditional-scale nuclear reactors, which have a
larger staffing need than the microreactors examined in this analysis,
the costs must be adjusted downward to reflect smaller control
rooms with fewer operators.

The following equation is used to adjust control room costs
while accounting for economies of scale, with the assumption that
the control room for the EEDB PWR employs a crew of seven
operators. This adjustment additionally makes the simplifying
assumption that the cost of a control room is determined by the
number of staff present at any given time. Because the size of the
considered asset is decreasing, the economies of scale factor actually
limits the amount of cost reduction, because the adjustment
experiences negative economies of scale. Put another way, the
cost of the control room still decreases as the staff level decreases
from seven to four, but at a decreasing rate.

MR staf f level
PWR staf f level

( )
Economies of Scale Factor

� 4
7

( )0.6

� 0.715

As a second cost adjustment to the EEDB data, nuclear control
rooms have increasingly adopted digitalization which can
significantly reduce the cost of the physical systems needed to
monitor and control reactors (Kochunas and Huan, 2021; Yadav
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et al., 2022). This adjustment is reflected by scaling instrumentation
and control (I&C) costs by one-fifth (based on internal expert
estimates which are not intended to prognosticate future savings
from the strategy). The adjustment for digitalization is completed in
addition to the scaling adjustment discussed previously. Table 2
shows the original costs for each line item of the microreactor’s
control system alongside the costs after adjusting for both scaling
and digitalization.

One additional CAPEX category is added: employee housing for
Cases 1 and 2. In these cases, microreactors and control rooms are
assumed to be located in isolated regions of Alaska. As is common in

other industries, such as mining, the hosting facility is assumed to
provide housing for employees who may either live elsewhere and
travel for multi-week shifts or live on the worksite full time. As a
simplifying assumption, the employer is assumed to bear the costs of
room and board for employees, which contributes to both the
CAPEX and OPEX of the microreactor. Cost estimates for room
and board were sourced from (Metz and Campbell, 1982), and
values were adjusted from December 1982 USD to December
2018 USD. The three cost components used are shown in
Table 3. Note that only the “Housing Construction” item in
Table 3 is CAPEX, the rows below in the Room and Board Costs

TABLE 1 Characteristics of each study case.

Case characteristic Case 1 Case 2 Case 3

# MRs per site 1 3 3

MRs managed per control room/center 1:1 3:1 All:1

Management location On-site On-site Off-site

Staff complementa Where:

N is the number of microreactors in the managed system

EoS is the economies of scale factor, and. . .

S is the number of shifts modeled as a Monte Carlo parameter

Reactor operators 2N*S 5N
3 *S 5(N3 )EoS*S

Senior reactor operators 2N*S 3N
3 *S 3(N3 )EoS*S

Staffing determinant Regulatory Regulatory Economies of scale

aNote that equations are not presented in their most simplified form to improve understanding of their component parts.

FIGURE 1
Description of the study base and comparison cases.
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category are OPEX and will be discussed in the next section. These
housing costs are not experienced in Case 3 as the control center is
sited in an urban area; it is assumed that no geographic adjustments
need be provided by the operation company.

Labor and material costs vary across geographies, meaning that
otherwise identical projects could have significantly different costs
depending on siting. While Cases 1 and 2 are constrained to have the
control room and requisite staff co-located with the microreactor(s),
the control room for Case 3 is not geographically constrained and
can thus be sited strategically to minimize costs.

Construction material and labor cost adjustments were sourced
from the 2021 RSMEANS City Cost Indexes (V2) (The Gordian
Group Inc, 2021). To create a reasonable range of locational
adjustments, New Orleans, Louisiana, was used as the low-cost
adjustment while Anchorage, Alaska, was used for high costs.
Note that the city selections were based on the relative difference
in costs, not a prognostication that reactors will be sited in these
locations. These adjustments were applied to the line item costs from
TIMCAT, with Cases 1 and 2 experiencing high costs while Case
3 experienced low costs. Table 4 shows the locational cost
adjustment factors (The Gordian Group Inc., 2021).

2.3.2 Operational expenditures (OPEX)
The primary operational cost for monitoring and control of

microreactors is labor–the wages and associated costs from reactor
operators (RO) and senior reactor operators (SRO). This section
discusses these expenditures, as well as the recurring costs associated
with housing and feeding employees in Cases 1 and 2.

In Cases 1 and 2, reactor operators must either live on-site or use
rotational schedules—similar to other industries such as offshore oil
drilling. Because of the labor skill requirements of reactor operators,
the lack of a labor pipeline in the area, the difficulties associated with
transportation and logistics, and other factors, reactor operator
wages can be assumed to be higher than for those in the
contiguous United States. As such, locational adjustments are
applied to account for this factor. Data from O*NET is used to

TABLE 2 Base and adjusted costs of reactor monitoring and control systems.

Cost account Category Unadjusted Adjusted costs

A.218.A Control Room and Diesel Generator Building Factory Cost $3.8M $3.8M

Site Labor Cost $49.3M $35.3M

Site Material Cost $18.8M $13.4M

Total $71.9M $52.5M

A.227 Reactor Instrumentation and Control Factory Cost $30.2M $4.3M

Site Labor Cost $20.4M $3.0M

Site Material Cost $1.8M $0.25M

Total $52.4M $7.55M

Sum of Totals $124.3M $60.05M

TABLE 3 Cost distributions for room and board and reactor operator wages.

Other costs and adjustments Distribution low Distribution high

Room and Board Costs

Housing construction (CAPEX) $25,700 $46,260

Housing maintenance (annual OPEX) 1% of housing CAPEX

Staff food service (annual OPEX) $6,682 $10,023

Reactor Operator Wages

Louisiana (Low Rate)

Reactor Operator $77,800 $102,620

Senior Reactor Operator $102,620 $122,110

Michigan (High Rate)

Reactor Operator $98,620 $134,660

Senior Reactor Operator $134,660 $154,620

TABLE 4 Locational adjustments for construction costs.

Locational adjustment Materials Labor

Low (New Orleans) 0.977 0.683

High (Anchorage) 1.197 1.104
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estimate wages, with ranges for reactor operator wages sourced from
Louisiana (low-wage state) and Michigan (high-wage state)
(National Center for O*NET Development, 2023). Data from
Michigan was used in lieu of Alaska because no data exists for
reactor operator wages in the area (there are no operating reactors in
Alaska). Senior reactor operators are assumed to have a wage range
in the 75th percentile and above, while standard reactor operator
wages are constrained to below the 75th percentile. Base wages are
then multiplied by a wrap rate of 2.1x to estimate the “all-in” costs of
each position (Thornton, 2017) which includes non-wage costs to
the company like health insurance, administration, and benefits. The
Reactor Operator Wages section in Table 3 shows the base wage
ranges of ROs and SROs in high-rate (used for Cases 1 and 2) and
low-rate (used in Case 3) geographies.

Returning to the Room and Board Costs section of Table 3, the
last two rows show the OPEX ranges for housing maintenance and
staff food. Housing CAPEX is determined by its own range within
the Monte Carlo model–housing maintenance is calculated as 1% of
the total CAPEX, annually. The staff food cost range was sourced
from (Metz and Campbell, 1982) and converted to 2018 USD.

2.3.3 Economies of scale
The central consideration of this analysis is how costs vary

between individual versus communal control strategies of many
microreactors. Put simply, costs of monitoring and control scale
linearly with the number of microreactors in a system when each is
individually controlled (Case 1); each reactor requires the same
amount of resources to run, and there is no synergy for management
of multiple reactors. Centrally controlled reactors, on the other
hand, are expected to require a less-than-linear increase in resources
to manage each additional reactor added to the system due to the
economies of scale (EoS) phenomenon.

In the context of this analysis, EoS refers to the decreases in cost
intensity per unit that occur as the level of production increases.
“Production”, here, is the required monitoring and control activities
for microreactors–as the number of microreactors in a system
increases, the amount of total production required increases.
However, while the total level of “production” is expected to
increase as the number of microreactors in a system increases,
the intensity of production per microreactor is expected to
decrease. This effect is realized, in part, because some activities
shared by multiple microreactors can be completed in parallel by a
single operator as opposed to serially. For example, monitoring
multiple reactors for abnormal states can be completed
simultaneously, especially when operators are assisted by
automated systems. As such, the efficiency of operators can be
expected to increase as the size of the managed system increases and
more processes are completed in tandem. For a deeper discussion of
technology-enabled economies of scale, see (Büchi et al., 2018).

Case 2 experiences some, but very limited, effects of economies
of scale by managing three reactors from the one control center,
while Case 3 takes full advantage of EoS by managing all reactors in
the system from one control center.

This EoS for remote operation of microreactors is similar to the
EoS experienced by offshore oil drilling activities when some staff
are moved onshore for remote work. Experience in this area has
shown that the strategy can reduce operational costs and take
advantage of the EoS phenomenon (Forster, 2018).

A traditional economies of scale factor is the “rule of six-tenths,”
which states that the unknown cost of a process at a given capacity
can be estimated by scaling from a known cost and capacity using
the following formula (Berthouex, 1972):

Y2 � Y1
Q2

Q1
( )

x

Where:Y2 is the unknown cost of a process at capacity Q2Y1 is
the known cost of a process at capacity Q1x is the scaling factor,
traditionally 0.6 (Rule of Six-Tenths).

For the Monte Carlo analysis, the economies of scale (EoS)
factor is a uniform range between 0.6 and 1 to demonstrate the
effects of EoS on the overall savings. When the EoS factor has a value
of one, there are no economies of scale, removing the benefits of
managing many reactors from the same control center. While there
are no savings from EoS in this case, other savings are still
experienced. The EoS factor will be held static at 0.6 for some
charts to illustrate “base” results, as will be discussed in more detail
later in this report.

3 Results

The Monte Carlo model outputs reveal the sources and
magnitude of expenditure reduction experienced by adjusting the
operational strategy of the microreactors system. This section
describes the results in two categories: static results and sensitivity
results. The static case displays the magnitude of the overall savings
effects—its usefulness is expanded when viewed in the context of the
sensitivity analysis. For static results, all model inputs are held static at
their average values and the EoS factor is held at 0.6 (as per the “Rule
of Six-Tenths”). For the sensitivity results, study parameters, including
the EoS factor, are allowed to vary randomly along a uniform
distribution within their defined ranges. Because EoS are beneficial
to the cost-reduction potential, the sensitivity case will necessarily
show lower savings potential than the static case. This breakdown of
static versus sensitivity cases is used to both respect the “Rule of Six-
Tenths” in the static case and show the sensitivity of results to (and
thus importance of) the EoS factor in the sensitivity case.

Table 5 shows static results, the cost savings experienced moving
from one case to another at the average values of each of the inputs
and 0.6 for the EoS factor. Changing fromCase 1 to Case 2 (C1→C2)
allows three microreactors to be managed from a control center with
two control rooms and results in reductions of CAPEX by one-third
and OPEX by one-half. Transitioning from C2→C3 reduces CAPEX
and OPEX by four-fifths and three-quarters, respectively.
C1→C3 has even more significant reductions and can be seen as
a combination of the reductions from C1→C2 and C2→C3.

Figure 2 shows CAPEX and OPEX across cases, showing the
magnitude of expenditure reductions as operational strategies
change. Note that the costs are displayed relative to Case 1,
which is shown as 100%. The control room accounts for a
majority of the CAPEX across cases, but the total capital is
reduced significantly across cases—an effect also experienced by
the I&C line item. For OPEX, costs are somewhat evenly split
between ROs and SROs, with SROs accounting for the majority
in Case 1 and ROs accounting for the majority in Cases 2 and 3. For
both CAPEX and OPEX, housing costs comprise the smallest
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portion of total expenditures in Cases 1 and 2, and the category is
removed entirely in Case 3.

The following sensitivity analyses are based on a Monte Carlo
run with the previously described parameter ranges and
10,000 iterations. Figure 3 through Figure 6 (not including
Figure 4, which will be described separately) show the
sensitivities of CAPEX reduction effects to various inputs
between cases, while Figure 7 through Figure 9 show the same
for OPEX. The bounded box area in the tornado diagrams show
output values that fall within a 90% confidence interval.

3.1 CAPEX reduction and sensitivities

Figure 3 shows CAPEX reduction as the operational strategy is
changed from C1→C2, with a baseline savings of 33.2%. The chart
reveals that the primary driver of cost savings is the number of
microreactors in the controlled system. This result is expected

because the only differences between the cases is the number of
microreactors co-controlled on each site, varying between one and
three. Co-controlling three reactors is less CAPEX-intensive than
controlling each individually; however, it is important to note that
this sensitivity is based on only the divisibility of the number of
reactors by three. If the system has an “extra” one or two reactors
after grouping all other reactors into groups of three, the system
incurs additional costs as a result. Because the additional CAPEX is
divided amongst the microreactors in the system, the per reactor
additional cost diminishes as the number of reactors in the system
increases.

Figure 4 shows the cumulative distribution of C1→C2 results,
showing that the CAPEX reduction has a strong skewness of −3.26,
meaning that the results are clustered near greater cost savings. This
is due to the N+1 effect, and the sensitivity results should be
interpreted as such. In this context, the N+1 effect refers to the
fact that the system of microreactors is most economically efficient
when the total number of MRs is divisible by three (maximizing the

TABLE 5 Static cost reductions and differences by strategy change.

Strategy change Case 1 to 2 Case 2 to 3 Case 1 to 3

Control strategy No remote control Remote control Remote control

Number of MRs co-managed (1 → 3) (3 → n) (1 → n)

Constraint relaxation Regulatory Regulatory and EoS Regulatory and EoS

Geographical cost adjustment No change Reduction Reduction

% CAPEX reduction 33.7% 80.0% 86.7%

% OPEX reduction 50.8% 75.6% 88.0%

FIGURE 2
Expenditures by category and case using Case 1 as baseline.
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benefits of co-sitedness). When the total number of MRs is not
divisible by three, a control room and staff contingent controls only
one or twomicroreactors, which is relatively more expensive–raising
the overall cost of the system. If the N+1 effect was to be removed;
the CAPEX reduction would have little-to-no sensitivity to study
parameters. The reduction of CAPEX for C1→C2 is the only one to
experience strong skewness.

Figure 5 depicts CAPEX reduction from C2→C3, with a baseline
savings of 56%. The baseline savings’ sensitivity is dominated by the
interrelated effects of EoS and the number of microreactors in the
system. As would be expected, the effects of the EoS are magnified
when there are many microreactors in the system, and the number
of microreactors is made less impactful when EoS are minimal.
Allowing such a wide range of economies of scale (1–0.6) reveals the
sensitivity of the overall result to this metric—when EoS is near one

the total reduction is only near 27%, while the reduction is around
76% as EoS approaches 0.6.

As shown in Figure 3, the sensitivity of the overall CAPEX
reduction to the housing CAPEX per person and number of crews is
relatively minimal as compared to above mentioned factors. Figure 6
shows the CAPEX reduction from C1→C3 and can be interpreted as
a combination of the expenditure reduction effects shown in
Figure 3 and Figure 5. The baseline reduction in CAPEX for this
operational strategy change is 70.6%.

3.2 OPEX reduction and sensitivities

Figure 7 shows the sensitivity of the OPEX reduction for
C1→C2 to various input parameters. It is important to note that

FIGURE 3
Sensitivity of CAPEX reduction from Case 1 to Case 2.

FIGURE 4
Cumulative distribution of CAPEX reduction results from transitioning from Case 1 to Case 2.
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the sensitivities shown in this chart are minimal, with even the most
extreme sensitivities only moving from the baseline ±0.13%.

Figure 8 shows the sensitivity of the OPEX reduction for
C2→C3 to various study parameters. The baseline reduction is
44.2%, which is much lower than for the static case reduction
value of 75.6% because the EoS is allowed to vary from 0.6,
which is by nature purely detrimental to the reduction potential.
As expected, the reduction value is highly sensitive to economies of
scale, as the only savings experienced when EoS = 1 (no economies
of scale) are from geographic savings and removing housing and
food costs, which are relatively minimal.

An interesting factor for this case comparison is the geographic
savings effects. Given that there is overlap in the ranges for low- and
high-wage states and that these values are independently generated
in the Monte Carlo analysis, it is possible for the low-wage
distribution to draw a higher value than the high-wage

distribution, meaning that the geographic savings is negative. In
cases when EoS is close to 1, it is possible for Case 2 to experience
lower OPEX than Case 3. This phenomenon helps explain the
sensitivity of OPEX reduction results to study parameters.

The OPEX reduction results show less sensitivity to study
parameters, including the number of crews (which impacts each
case simultaneously), the cost of food for staff, and housing CAPEX
(which is used to determine the housing upkeep).

Figure 9 shows the sensitivities of OPEX reduction for C1→C3.
As with Figures 6, 9 can be interpreted as a combination of the two
figures that precede it. As with the other sensitivity results, the
impacts are dominated by the interrelated effects of EoS and the
number of microreactors, with other parameters having more muted
effects. Again, the baseline of 72.5% is lower than the static case
reduction value of 88% because the EoS factor is allowed to vary
detrimentally to the OPEX reduction potential.

FIGURE 5
Sensitivity of CAPEX reduction from Case 2 to Case 3.

FIGURE 6
Sensitivity of CAPEX reduction from Case 1 to Case 3.
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Table 6 provides details for the cost breakdown and case-to-case
reduction of CAPEX and OPEX by cost category. This information
is valuable to understand where the largest savings are captured as
operational strategies are changed. For example, while housing costs
are reduced either significantly or completely by moving from
C1→C2 or C1→C3, the impact on the overall costs is minimal
given that housing only accounts for 1% of CAPEX and 3% of OPEX,
respectively in Case 1.

4 Discussion

The cost savings opportunities enabled by remote operation of
microreactors presented in this report are substantial. It is important
to view the results with the context that Case 1 represents a very

unfavorable economic case while Case 3 represents a very favorable
economic case. Because these cases are “edge” cases, it is unlikely
that either will exist in the real world; the analysis is instead intended
to show the overall magnitude of the savings potential, the areas in
which cost reduction progress can be made, and the sensitivity of
cost reduction to various inputs. Examining specific cases within this
range allows for finer comparison between the cases–a topic which is
planned for future research.

Additional areas for future research include conducting a bottom-
up cost estimate for the components required to ensure reliable and
secure digital communications to and from a remotely controlled
reactor. Although all reactors, whether managed onsite or remotely,
need some degree of communication to an outside entity, it is likely
that fully remotely controlled reactors will require more significant
communication infrastructure which will add to overall costs.

FIGURE 7
Sensitivity of OPEX reduction from Case 1 to Case 2.

FIGURE 8
Sensitivity of OPEX reduction from Case 2 to Case 3.
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Overall cost reduction opportunities are determined both by
each category’s percentage of overall costs and the cost reduction
within the category. While the housing and food category
experiences a 100% reduction in Case 3, (the housing cost
category is removed in its entirety), the overall impact on
monitoring and control costs are minimal simply because this
category comprises a minimal percentage of overall costs. While
the percentage of CAPEX reductions within the control room
category is smaller, its overall effects on CAPEX reduction are
larger given that control room CAPEX is the largest category.
These results are helpful to focus cost-reduction efforts to the
most effective areas, realizing savings more quickly and efficiently.

Many expected first adopters for microreactor technologies are
applications that already experience high labor and construction costs
due to challenging locations or other factors. As such, it is critical to
focus on cost reduction opportunities that can be enabled by remote
operation–any savings can help price additional potential users into the
market for microreactors. Early adoption is critical for any technology,
but especially those which have a large potential for economies of
learning. Encouraging early adoption by lowering OPEX and CAPEX
will help increase early adoption, increasing economies of learning,

increasing further adoption–creating a self-supporting cycle and
strengthening the nuclear microreactor industry as a whole.

Because no experiential economic data exists for remote centralized
monitoring and control of microreactors, this study has inherent
limitations which include the following. First, this research focuses
primarily on cost reductions enabled by CM&C, not the potential cost
increases systems may experience by adopting this management
strategy. As an example, the redundancy and technical qualities
(large, constant data transfer with high sensitivity to reliability)
required for CM&C may necessitate more expensive systems.

Another added cost not explored in this research is the cost of
“visits” to the reactor for planned or unplanned reasons. Cases 1 and
2 would not experience this cost category due to the presence of staff
onsite. Included in this category are the costs associated with having
maintenance, operation, or response teams on standby to visit
reactors if needed. Reasons to travel to a reactor include planned
maintenance, unplanned events, or disaster response. If response
time requirements are mandated in the regulatory space, shorter
response time requirements would be expected to increase overall
costs the most due to the need for greater staff sizes more closely
located to reactor locations.

FIGURE 9
Sensitivity of OPEX reduction from Case 1 to Case 3.

TABLE 6 CAPEX and OPEX disaggregation and reduction by case.

Percentage of total cost within category Cost reduction within category

Capex categories Case 1 Case 2 Case 3 Case 1 to 2 Case 2 to 3 Case 1 to 3

I&C 34% 34% 41% 33% 75% 84%

Control room 66% 66% 59% 33% 82% 88%

Housing 1% 0.37% 0% 75% 100% 100%

Opex categories Case 1 Case 2 Case 3 Case 1 to 2 Case 2 to 3 Case 1 to 3

Reactor operator 43% 44% 57% 50% 68% 84%

Senior reactor operator 54% 54% 43% 50% 81% 90%

Housing 3% 2% 0% 75% 100% 100%
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Future research with higher cost granularity is planned to
examine these topics. Additionally, because this research focuses
on economic implications of CM&C, it does not capture benefits and
challenges of the strategy that are not directly financial.

This research shows the significant cost reductions for operation
activities–up to 87% and 88% for relevant CAPEX and OPEX,
respectively–made possible by DT-enabled remote operation of a
system of microreactors. Large-scale, remote co-management and its
associated savings are only possible when both the regulatory
environment and DT technological readiness are satisfactorily
developed–making these topics incredibly important for the initial
and ongoing economic adoption of microreactor technologies. Because
many expected early adopters are expected to be those which will also
benefit the most from remote operation capabilities, the continuance
and expansion of DT-related research is even more timely as
microreactor concepts reach higher technological readiness levels.
Future research in this area will examine the cost savings made
possible in specific operational cases and under varying
assumptions, especially as more data becomes available and the
regulatory environment adapts to emergent technologies.
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