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Abstract

A Future Vision of a transformed nuclear plant operating model based on an integrated digital 
environment has been developed as part of the Advanced Instrumentation, Information, and Control 
(II&C) research pathway, under the Light Water Reactor (LWR) Sustainability Program.  This is a 
research and development program sponsored by the U.S. Department of Energy (DOE), performed in 
close collaboration with the nuclear utility industry, to provide the technical foundations for licensing 
and managing the long-term, safe and economical operation of current nuclear power plants. II&C has 
been identified as a potential life-limiting issue for the domestic LWR fleet in addressing the 
reliability and aging concerns of the legacy systems in service today.

The Future Vision is based on a digital architecture that encompasses all aspects of plant operations 
and support, integrating plant systems, plant work processes, and plant workers in a seamless digital 
environment to enhance nuclear safety, increase productivity, and improve overall plant performance. 

Pilot projects are being conducted as the means for industry to gain confidence in these new 
technologies for use in nuclear plant work activities. The pilot projects introduce new digital 
technologies into the nuclear plant operating environment at host operating plants to demonstrate and 
validate them for production usage.  In turn, the pilot project technologies serve as the stepping stones 
to the eventual seamless digital environment as described in the Future Vision. 

Initial project results confirm that the technologies can address provide substantial efficiency and 
human performance benefits while resolving the reliability and aging concerns.

1. Introduction

Life extension beyond 60 years for the U.S operating nuclear fleet requires that I&C systems be 
upgraded to address aging and reliability concerns.  It is impractical for the legacy systems based on 
1970’s vintage technology operate over this extended time period.  Indeed, utilities have successfully 
engaged in such replacements when dictated by these operational concerns.  However, the 
replacements have been approached in a like-for-like manner, meaning that they do not take advantage 
of the inherent capabilities of digital technology to improve business functions.  And so, the 
improvement in I&C system performance has not translated to bottom-line performance improvement 
for the fleet.  Therefore, wide-scale modernization of the legacy I&C systems could prove to be cost-
prohibitive unless the technology is implemented in a manner to enable significant business innovation 
as a means of off-setting the cost of upgrades.

2. Problem Statement

Unlike most other safety-critical industries, the nuclear power industry has not used digital technology 
to innovate its business model and transform risk-significant activities from mostly manual operations 
to use of automation.  This is due to in large part to the tremendous investment in the current operating 
infrastructure and the need for a research program that manages the risk of this transformation. [1]
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2.1 Conservative Approach to II&C Modernization

The commercial nuclear industry has taken a very conservative approach in the application of digital 
technology. While, the LWR fleet has indeed had a number of successful digital upgrades to the 
legacy analog II&C systems, the tendency has been to directly replace the analog function of the 
previous systems without taking advantage of the inherent capabilities that digital systems have. While 
this approach has resolved the immediate aging and reliability problems, it has not resulted in 
additional business improvement gains that are possible with this technology.

However, it is understandable why nuclear operators would pursue a “like-for-like” replacement 
strategy with digital upgrades. They are saddled with significant barriers to making large changes in
the operating/support model for the plants, as follows:  

� There is enormous investment in the work process infrastructure (training, procedures, task 
qualifications, etc.,) to support the labor-centric approach to operating the plant and it is very 
expensive to change these documents and revalidate them.

� The plant operators are highly acclimated to the current layout of the main control room and 
related control functions. Significant changes in the layout of the control boards and operator 
interface protocols could create human factors challenges.

� The NRC-approved safety analysis of these plants credits the current design of the plant 
systems. The pursuit of licensing changes for digital technology exposes the company to 
substantial risks in new regulatory requirements, cost increases, and schedule delays.  

While this approach has been the path of least cost and risk, it has served to reinforce the old 
operating/support model rather than leading to a transformed model that evolves with ever-improving 
technology. Therefore, the investment in II&C upgrades has not translated to bottom-line performance 
improvement for the operating plants, other than addressing the immediate equipment reliability 
issues.  In this sense, digital technology has been a net cost adder because the investment and 
additional maintenance costs have not been offset by business innovation leading to lower operating 
costs. The cost of upgrading legacy II&C systems has limited the rate of digital conversion and made 
many of the potential projects marginal. In a larger sense, this represents an ongoing opportunity cost 
to provide a technological enabler of transformative business innovation for future performance 
improvement in the LWR fleet.  

2.2 Need for the R&D Role in II&C Modernization
In March, 2009, a DOE-sponsored workshop entitled “Instrumentation and Control, Human System 
Interface, and Information Technology Requirements for Nuclear Power Plant Long-term Operation” 
was held in Columbus, Ohio. One of the primary conclusions of the workshop report was that a robust 
research program is needed to develop a path forward for wide-scale digital modernization for U.S. 
nuclear power plants. [2]

II&C technology suppliers can certainly provide replacement systems to address the immediate 
reliability concerns, but they cannot provide advanced technologies for a future nuclear plant digital 
environment that remains undefined.  Rather, the suppliers will respond to current market demand 
which unfortunately is “like-for-like” system replacements that have the least impact on the current 
operating structure.  While this is the cheapest option in the short run, it does not ensure that the 
overall cost and safety performance of the operating nuclear plants will be sufficient in the long term.

Therefore, it is plausible that nuclear utilities will continue to rely on short-sighted II&C replacement 
strategies until, at some point in the future, the nuclear plant business model becomes uncompetitive 
with other electricity sources due to the lack of business innovation.  Specifically, the utilities will be 
stuck with the expense of large plant staffs and the error-prone manual methods on which their 
operations are based.  Delay in beginning this digital transformation will shorten the cost-recovery 
period in the remaining plant life and will create a bow wave of needed investment to rapidly 
transform the operating model. At that point in the future, the least-cost option for the utilities might 
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be to retire the nuclear plants well before their extended license periods.  This will work against the 
interests of the U.S. government in regard to long-term energy security, which includes diversity of 
fuel sources and cost-competitiveness of electricity production.

3. Method

The research method of this project consists of three parts:  1) Data Collection, 2) Development of an 
Industry Consensus Future Vision and Strategy, and 3) Conduct of Pilot Projects.

3.1 Data Collection

Early in the project development, a Utility Working Group (UWG) ws formed as the means of 
engaging the U.S nuclear asset owners and creating a common vision for the modernization of nuclear 
plant II&C systems and control rooms. The UWG today consists of 12 nuclear fleet operators 
representing over two-thirds of the U.S. LWR fleet, with new members being added as appropriate 
utility contacts are made.

The UWG has provided substantial data regarding the II&C modernization needs of the industry.  This 
includes current challenges for modernizing II&C systems, desired technologies to improve II&C 
reliability, opportunities for plant performance improvement, and priorities for development.  This 
information has been used to formulate the research program and prioritize the order of technology 
development.  It has been reviewed by the UWG on several occasions to revalidate the scope and 
schedule of the research activities.

The UWG also provided the broad outcomes that need to be achieved in order for the II&C 
modernization effort to be financially feasible, in order to provide off-setting cost savings for the 
plant.

� II&C systems provide enhanced, accurate, and dependable plant control 
functions and operator information, thereby resolving the aging and 
reliability concerns of their predecessor legacy analog systems.

� The margins of nuclear safety are increased by the inherent reliability and precision of digital 
technology.

� Worker productivity is substantially enhanced through the automation of manual tasks, 
improvements in communications and coordination, and the immediate availability of utility 
and industry experts through real-time distance collaboration.

� Human performance is greatly improved through advanced worker technologies and 
automated processes.

� Radiation dose is minimized by reductions in the time and effort to conduct plant activities in 
radiation areas, and through new capabilities for workers to visualize radiation fields in their 
work areas using augmented reality technologies.

� Plant cost performance is improved through increased capacity factors and reduced operating 
costs.

3.2 Development of an Industry Consensus Future Vision and Strategy
The future vision for this research program is an enhanced NPP operating model, achieved through the 
integration of plant systems, plant processes, and plant workers through the application of digital 
technology. This results in a seamless digital environment that encompasses all aspects of plant 
operations and support, thereby enhancing nuclear safety, increasing productivity, and improving
overall plant performance. The long-term goal is to transform the current operating model of the NPPs 
from one that is highly reliant on a large staff performing mostly manual activities to an operating 
model based on highly integrated technology with a smaller staff. This digital transformation is critical 
to addressing the array of challenges facing the LWR operating fleet, including aging of the legacy 
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analog systems, potential shortage of technical workers, ever-increasing expectations for nuclear 
safety improvement, and relentless pressure to reduce cost.

3.3 Conduct of Pilot Projects

Pilot projects have been defined to produce the fundamental technologies for the transformed plant 
activities. They are conducted at host utilities as the means for industry to collectively integrate new 
technologies into nuclear plant work activities one at a time, spread over many plants and utilities, to 
the benefit of all. The pilot projects introduce new digital technologies into the nuclear plant operating 
environment to demonstrate and validate them for eventual production usage. In turn, the pilot project 
technologies serve as the stepping stones to the eventual seamless digital environment as described in 
the future vision. 

A total of 20 pilot projects have been defined, grouped into six broad areas of enabling capability as 
follows:

1. Highly integrated control rooms
2. Highly automated plant
3. Human performance improvement for NPP field workers
4. Integrated Operations
5. Outage safety and efficiency
6. Centralized On-Line Monitoring and Information Integration

Each of these areas of enabling capability represents an important outcome in modernizing the LWR 
fleet and ensuring a sound basis of long-term safe and economical operations. Together, they integrate 
the plant systems, plant work processes, and activities of the plant workers to ensure maximum 
efficiency and accuracy in plant operations and support. The pilot projects have been scheduled over a 
twelve year period as depicted in Figure 1 below.

A science-based approach is used to develop the pilot project technologies, moving from bench-scale 
studies in the laboratory to full-scale demonstrations in an NPP setting. The products of the pilot 
projects are formal research reports that can be cited in regulatory filings, vendor specifications, utility 
feasibility studies, etc. These reports have the needed rigor to serve as cited works to validate the 
soundness of conducting nuclear plant activities based on the technologies and operational concepts. 
In some cases, guideline documents for utility implementation are produced. It should be noted that 
actual commercial products for the technologies are not developed as part of this research program. 
Rather, this role is left to the nuclear industry suppliers of these types of technologies.

3.3.1 Highly Integrated Control Rooms

Today’s LWR control rooms consist of an array of discrete devices such as gauges, indicators, 
displays, alarms, and operator controls located on multiple large control boards. A highly-integrated 
control room is one in which these functions are integrated into operator workstations and overview 
displays that provide a compact and rich set of control functions and information presentations that 
greatly enhance operator performance. A hybrid control room is one in which there is a mixture of 
these concepts as the control rooms are progressively modernized.

The project will conduct R&D activities to determine the optimum layout and concepts for both an 
NPP hybrid control room based on engineering and human factors principles. The control room 
upgrades will first be implemented and studied in INL’s Human Systems Simulation Laboratory 
(HSSL) to ensure that new concepts are sound and will uphold all nuclear safety requirements. Further 
work will develop the strategy into several tiers of control room modernization end-states, up to a 
highly-integrated control room. Specific technologies and concepts within control room modernization 
for pilot project demonstrations will include advanced alarm systems, computer-based procedures, 
computerized operator support systems, and future concepts of operations.
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Figure 1  Summary of the pilot projects for the II&C Systems Technologies R&D Pathway 

3.3.2 Highly-Automated Plant

The concept of a highly automated plant is one where important, safety-critical activities are 
automated using advanced technologies under the direction of a competent staff. Automation on a 
large scale enables a shift from a labor-intensive operating/support model to one that is technology-
based. This transformed NPP operating model will address an array of future challenges facing the 
LWR fleet.

The project will develop an advanced digital architecture that integrates plant systems, plant processes, 
and plant workers in a manner that maximizes efficiency and shared-use of plant information. 
Additional pilot projects will develop strategies and guidance for automating manually-performed 
plant activities, advanced plant control functions and advanced plant control algorithms.

3.3.3 Human Performance Improvement for NPP Field Workers

To improve human performance for NPP field workers, a fundamental shift in approach is needed. 
Digital technology can be applied in a manner to perform the tedious error-prone tasks in NPP field
activities, leaving the worker in more of a cognitive role. It has the potential to eliminate human 
variability in performing routine actions such as identifying the correct components to be worked on. 
In short, the technology can perform tasks at much higher reliability rates, while the plant worker 
remains in a role of correctly applying the technology and validating the results.
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The project will develop integrated mobile technologies for NPP field workers that connect the worker 
to plant information and plant processes in a manner that significantly enhances human performance 
and productivity. Human factors studies will be conducted, resulting in guidelines for utilities to use in 
applying these technologies to field activities. Additional pilot projects will be conducted in 
automating work packages and developing guidelines for providing augmented reality technologies to 
field workers, allowing workers to view invisible phenomena (such as radiation fields) as a means of 
reducing worker dose.

3.3.4 Integrated Operations

Many industries have taken advantage of new digital technologies to consolidate operational and 
support functions for multiple production facilities to improve efficiency and quality. This concept is 
sometimes referred to as integrated operations. It basically means using technology to overcome the 
need for onsite support, thereby allowing the organization to centralize certain functions and 
concentrate the company’s expertise in fewer workers. These workers, in turn, develop higher levels 
of expertise because they are exposed to a larger variety of challenges and issues than if they 
supported just a single facility. The concept also enables standardized operations and economy of 
scale in maintaining a single organization instead of duplicate capabilities at each location.

The project will conduct human factors studies of various types of integrated operations in HSSL and, 
ultimately, at a host utility to maximize human, process, and organizational effectiveness using virtual 
collaboration technologies to connect remote parties supporting plant operations. Pilot projects will 
enable nuclear utilities to build virtual organizations of trusted partners (fleet-level or external) rather 
than having to rely on onsite resources for time-critical support, in the areas of centralized on-line 
montoring centers, plant operational support centers, and management decision support centers.

3.3.5 Outage Safety and Efficiency

NPP refueling outages are perhaps the most challenging times in the ongoing operations of the 
facilities, executing typically more than 10,000 activities in a 20 to 30-day work period. Many of these 
activities are safety critical. This presents enormous challenges in controlling the timing, quality, and 
cost of individual work activities in the face of shifting schedules, emergent problems, and strained 
human and equipment resources. This dynamic work mix must be analyzed continually to detect and 
avoid threats to nuclear safety margins, regulatory compliance, and outage schedule adherence.

The project will conduct R&D activities for the application of advanced digital technologies that 
integrate outage control centers, field work crews, and real-time plant information to achieve 
collective situational awareness and enable timely decision-making to effectively allocate resources in 
an optimized manner. Another pilot project will make use of the HSSL to develop concepts for an 
advanced outage control center specifically designed to maximize the use of digital technology for 
information analysis and shared understanding in outage control center team decision-making. One
additional pilot project will conduct further research to develop technologies to improve outage risk 
management, especially in the area of configuration control for changing plant states, by integrating 
plant status information with configuration changes imposed by ongoing and near-term outage work 
activities.

3.3.6 Centralized On-Line Monitoring and Information Integration

As nuclear plant systems are operated for periods longer than originally anticipated, the need arises 
for more and better types of monitoring of material and system performance. This includes the need to 
move from periodic, manual assessments and surveillances of physical systems to online condition 
monitoring. This represents an important transformational step in the management of NPPs. It enables 
real-time assessment and monitoring of physical systems and better management of active components 
based on their performance. It also provides the ability to gather substantially more data through 
automated means and to analyze and trend performance using new methods to make more informed 
decisions about NPP management and safety management.  Of particular importance will be the 
capability to determine the “remaining useful life (RUL)” of a component to justify its continued 
operation over an extended plant life.
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This project will develop technologies to assess the performance of SSC materials during long-term 
operation for purposes of operational decision making and asset management. These developments 
will be used to produce new types of assessments of ‘diagnostic’ accuracy about material aging and 
degradation. This will yield new capabilities that enable a move from mechanisms of change, their 
progression in materials, and a description of the specific transformations that affect a material or 
system’s ability to achieve its design function, in turn, leading to ‘prognostic’ assessments of the rate 
of degradation and the types and timing of needed interventions. Pilot projects will be conducted for 
both active and passive plant components.

4. Results

The results of the initial pilot projects have confirmed that the expected benefits can indeed be 
demonstrted by the pilot projects and that the underlying technologies can together comprise a 
network of capabilities that will fulfill the expectations of the future vision.

4.1 Specific Results of the Research Method

Four pilot projects are underway at this time, with the following specific results:

4.1.1 Advanced Outage Coordination

This pilot project was conducted at Exelon Nuclear’s Byron Nuclear Station in Illinois for two 
successive outages as well as a technology demonstration during power operations.  Technologies 
were developed and demonstrated that allow outage control centers to collaborate in real-time to 
improve the accuracy and timeliness of situational awareness and decision-making.  In addition, field 
worker technologies were demonstrated that allowed the control centers to be immediately aware of 
work status for in-plant activities as they progressed.  This pilot project was successful in 
demontrating how a wireless collaboration network could improve a number of outage management 
functions.

4.1.2 Mobile Technologies for NPP Field Workers

This pilot project was conducted at Duke Energy’s Catawba Nuclear Station in South Carolina. A
number of mobile technologies for field workers were developed and demonstrated to enable field 
workers to improve human performance and situational awareness.  These included component 
identification capability using bar codes, electronic work instructions on hand-held devices with 
human performance improvement features, real-time video of field conditions and problems sent to 
activity managers and control centers, and real-time remote update of plant configuration management 
documents.  The technology demonstrations were conducted by plant operations and maintenance 
personnel, who validated the performance improvements afforded by these technologies. [3]

4.1.3 Computer-Based Procedures

This pilot project has completed a model for procedure usage and identification of requirements for 
computer-based procedures.  The model identifies the physical and cognitive actions involved in 
executing procedure steps. [4] The next step is to develop prototype computer-based procedures for 
evaluation at a host nuclear plant.

4.1.4 Incorporating Digital Upgrades into an Analog Control Room

This pilot project is in the process of installing the plant training simulator software for Southern 
California Edison’s San Onofre Nuclear Generating Station in the HSSL.  Once installed, studies will 
be conducted to develop an end-state vision for a hybrid control room and the use of integrated 
displays in the control boards.

4.2 General Results on the Research Method
The pilot projects have produced a number of important findings to-date:

1. Based on a science-based approach to research, development, and demonstrations activities, 
host utilities are willing to introduce digital technologies into their work methods, in some 
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cases, in the live plant environment for purposes of evaluating and refining the technologies 
for eventual production usage.

2. Human performance can be improved by the introduction of well-developed digital 
technologies as supported by direct measurement and participant surveys.

3. Plant support processes can be made substantially more efficient with digital technologies that 
automatically communicate information to other parties and update data bases and project 
status documents in the background as the worker conducts the activities.

4. Models of plant functions, such as procedure usage, are highly useful in capturing the 
requirements of complex nuclear plant activities and associated expectations.

5. Conclusions

The project has been successful in pursuing what has been an illusive endeavor for the nuclear power 
industry – the modernization of the LWR fleet II&C systems.  The success is due to the project 
method; that is, to engage the industry in a research and development effort that provides near-term 
benefit while building and integrated digital platform that integrates plant I&C systems, plant work 
processes, and plant workers. The method recognizes that this cannot be achieved by a mere 
replacement approach for plant systems that provides no overall plant performance benefits, but rather 
must achieve fundamental performance outcomes including nuclear safety improvement, dose 
reduction, cost reduction, human performance improvement, and the long-term management of plant 
assets.  The initial pilot projects have confirmed that this level of benefit is obtainable and the 
technologies are recognized by the operating utilities to have substantial benefit.  The project will 
serve to reduce the risk and uncertainty in the implementation of these technologies and ultimately 
provide a roadmap for wide-spread II&C modernization for the LWR fleet.
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