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ABSTRACT 
 
The use of new digital I&C systems in the design of new nuclear power plants, as well as the modernization of 
existing facilities, implies relevant changes in the control room design. New I&C systems provide new features 
that affect the control room operating concept. Therefore, a detailed analysis is required to take into 
consideration all the operating and human factors aspects. Based on Tecnatom experience in the field, this 
article presents the methodological approach used as well as the most relevant aspects of this kind of project. 
 

1. INTRODUCTION 
 
The Instrumentation and Control (I&C) of the latest nuclear power plants is based on the use 
of digital technology, distributed control systems and the integration of information in data 
networks (Distributed Control and Instrumentation Systems). This has a repercussion on 
Control Rooms (CRs), where the operations and monitoring interfaces correspond to these 
systems. 
 
These technologies are also used in modernizing I&C systems in currently operative nuclear 
power plants. The new interfaces provide additional capabilities for operation and 
supervision, as well as a high degree of flexibility, versatility and reliability. An example of 
this is the implementation of solutions such as compact stations, high level supervision 
screens, overview displays, computerized procedures, new operational support systems or 
intelligent alarms processing systems in the modernized Man-Machine Interface (MMI). 
These changes in the MMI are accompanied by newly added SW controls and new solutions 
in automation. 
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Incorporation of these systems in control rooms substantially modifies the interface between 
the operator and the plant systems, compared to the classical configuration of the majority of 
current control rooms. In many cases the conceptual model of operations is also altered. 
 
For adequate licensing, the design process of new control rooms requires an in-depth and 
detailed analysis of Human Factors Engineering (HFE) in order to achieve a design of the 
interface between the operator and the plant systems that ensures, allows for and optimizes 
safe operation and supervision by the operating personnel under any plant operating 
condition, be it in normal operation, during incidents, in the event of plant or I&C equipment 
failure, or during emergency operation. 
 
Tecnatom has been leading various projects in this field for several years, both in Asian 
countries and in the United States, using in all cases international standards from which 
Tecnatom own methodologies have been developed and optimized. The experience acquired 
in applying this methodology to the design of new control rooms is to a large extent 
applicable also to the modernization of current control rooms. 
In general, and unlike in the case of new facilities design, processes for modernizing control 
rooms are projects that usually move forward slowly, outage after outage, with the operator 
interface and control being modified to a different extent. As the individual impact of each 
modification in the interface is not usually important, and modifications tend to be developed 
over the years, it is more likely that in this case the analyses of impact on the interface would 
be limited, that they would be performed individually and that they lack of an overall long-
term vision. However, this impact is clear in many plants and, considering a period of four or 
five refueling outages, substantial changes may be observed in the way in which the plant is 
operated and supervised. 
 
An adequate design of the interface between the operator and the systems will facilitate safe 
operation, contribute to the prompt identification of problems and help in the distribution of 
tasks and communications between the different members of the operating shift. 
 

2. DEISIGN OF NEW NUCLEAR POWER PLANT CONTROL ROOMS 
 
The design of new nuclear power plant control rooms constitutes a project of enormous 
technical and organizational complexity. On the technical level, all the plant systems and their 
components have to be analyzed in great detail, taking into account their operation and 
supervision requirements under all possible plant conditions. As regards organization, it is 
important that all the engineering organizations participating in the design of the plant 
systems, and all those responsible for plant operation were connected; and that their work 
could be adequately coordinated. All this must be incorporated in a complex overall planning 
of plant design and construction, with the availability of the reference documentation 
constituting one of the most critical aspects. 
The design of new control rooms must necessarily combine two fundamental aspects: 
 

 Capacities provided by the technology used in I&C systems. These systems, based on 
the use of digital technology, offer interesting possibilities for the development of the 
new Man-Machine Interface (MMI) of these control rooms, which often will be 
completely software-based. 

 The application of a Human Factors Engineering (HFE) programme ensuring a 
correctly designed and implemented MMI, increasing human reliability and 
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guaranteeing safe plant operation. In this respect, development of methodologies 
ensuring the adequate application of Human Factors Engineering is of key importance 
in order to ensure the optimum design of the MMI. 

2.1. Human Factors Engineering (HFE) in the design and implementation of new 
control room MMI’s 

 
Design of the new control rooms MMIs begins with the definition of the objectives to be met 
by the control room. This is followed by the initial establishment of the operating principles 
that describe the practices and characteristics of the MMI necessary to fulfill these objectives. 
The design of the control room MMI will be based on the above, with consideration given to 
the possibilities offered by I&C systems. 
The use of methodologies ensuring an adequate application of HFE will allow for an 
optimum MMI design. These methodologies are based on international standards such as IEC 
60964, NUREG-0800, NUREG-0711, NUREG-6393, NUREG-6400, IEC-6177, ISO-9241 
and NUREG-700.  
These methodologies are used during the MMI Specification, Design, Testing and 
Implementation phases. 
 

2.2. Methodologies for the implementation of Human Factors Engineering in the design 
of new control rooms 

 
Methodologies are developed to incorporate the different elements of a HFE programme to 
the design of new control rooms, taking into account the considerations below: 

2.2.1. Human Factors Engineering Programme Management 
The methodology is used to develop an integral plan for the incorporation of HFE principles 
in the design of the new MMI. The activities are defined and a HFE team with the necessary 
qualifications is set up. The human factors team must be part of the design team and work in 
close collaboration with the engineering organizations, while at the same time maintaining 
independence in its actions and freedom to assess designs and propose changes improving 
human performance. 

2.2.2. Operating experience reviews 
Objective is to ensure that the HFE problems and issues of previous designs have been 
identified and analyzed, with negative characteristics eliminated and positive characteristics 
maintained. 

2.2.3. Analysis of Functional Requirements and Assignment of Functions 
The next step consists in analyzing the functions of each of the plant systems. An answer to 
the question “WHAT does each system do?” is to be found. 
Conclusion of this analysis has to lead to the achievement of a comprehensive group of state 
parameters to be monitored and a list of equipment requiring control and status indication in 
control room, all these intended to accomplish the system functions. 
In the analysis scope, also the assignment of the supervision and control of the functions to 
man, machine or both is to be taken into account, considering human strengths and 
weaknesses. An answer is found to the question: WHO undertakes surveillance/control? 
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2.2.4. Task Analysis 
In the next step, answers to the questions: HOW is the system managed? and What 
ELEMENTS are required for optimizing this management? must be found for each of the 
plant systems. 
This analysis is used to identify the actions to be taken by the personnel to fulfill the 
functions assigned and the information and control required to achieve this: control and 
supervision devices, alarms, communications systems, procedures, specific training 
requirements, etc. 

2.2.5. Personnel organization 
The methodology analyzes the personnel required in the control room and the organization of 
these personnel, taking into consideration the results of the assignment of functions and task 
analysis. 
As a result of this, the initial organization established in the early stages of operation may 
change. 

2.2.6. Human Reliability Analysis 
Within the framework of the analysis, consideration must be given to the mechanisms of 
human error, in order to minimize their impact on the design of the control room MMI.  An 
important aspect is their integration in Probabilistic Safety Assessment (PSA). 

2.2.7. MMI design 
The results and information obtained during the previous phases materialize in the design and 
development of the content and form of the MMI.  In new control rooms, the MMI will 
mainly consist of software. There will also be certain hardware components that will serve as 
a back-up in the event of MMI software failure. 
What is now to be defined is the hierarchical organization of the operations and supervision 
screens and the incorporation of the functionalities of the back-up systems: computerized 
procedures, operations support systems, COSS or intelligent alarms processing systems. New 
automation requirements may arise during this design phase 

2.2.8. Procedures development 
In parallel with what is stated above these lines, the methodology develops the content and 
form of the plant operating procedures. This is based on the results of the Task Analysis and 
on HFE principles. 
The objective is that the resulting procedures could be technically accurate, understandable, 
explicit, user friendly and validated. 

2.2.9. Development of training 
In addition to designing the interface and procedures, the process identifies training needs, 
providing the information required for the establishment and development of the learning 
tools, the evaluation parameters associated with these objectives and the mechanisms for 
review deriving from the on-the-job performance of the personnel. 

2.2.10. Verification and validation 
Prior to the beginning of the implementation and installation works, the design faces an 
independent critical analysis in order to check its conformity to HFE principles. 
Task Support and Design Verification processes are carried out. First process is intended to 
evaluate whether the designed MMI and its associated components allow for the complete 
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performance of the tasks described in the Task Analysis. Besides, it is checked that no 
component included in the MMI lacks of an associated task. 
On the other hand, the Design Verification process assesses the compliance with applicable 
HFE guidelines. 
An integrated validation of the system is also carried out. This assesses the MMI by means of 
tests based on the actuation of operating equipment to verify the acceptability of the design 
and the operability of the MMI. This is performed on a simulator, by monitoring the actions 
of the operators in response to selected scenarios related to the overall operation of the plant 

2.2.11. Design Implementation 
It is necessary to ensure that the design implemented in the control room is the same as that 
which has been verified and validated.  
The aim is to confirm that all the HFE issues or discrepancies generated during the design, 
construction and verification and validation process have been resolved. 

2.2.12. Surveillance of human interventions 
The methodology provides a human intervention surveillance process that ensures that the 
conclusions of the Verification and Validation process are maintained over the time, without 
the need for the process to be periodically repeated. 
The surveillance guarantees the following: 

 The design can be used. 
 The changes made to the MMI, the procedures and training required has no negative 

effect on human activity. 
 The human actions may be performed within the time limits defined. 
 The level of actuation established during Verification and Validation is maintained. 

2.2.13. Freezing of control room design 
The results obtained from the application of the methodology are used to definitively 
establish the concept and the operating principles that will initially lead to the design of the 
control room overall; i.e., the spatial distribution and design of the supports housing all the 
operation and supervision devices (screens, alarms, controls, …), in accordance with the 
anthropometric data of the population, the ergonomic calculation of console and panel 
profiles, considerations regarding the frequency of use of the controls and indications,     
response times in operation, requirements relating to the distribution of the equipment in the 
plant, etc.  
Figure 1shows the result of this analysis for the Fuqing and Fangjiashan plants (China) by 
means of a graphical example. 
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Figure 1 – Fuqing NPP general arrangement 

 

Figure 2 below depicts the final representation of the stand-up panel and sit-down console 
profiles for the Fuqing NPP control room, made in accordance with ergonomic considerations 
and HFE guidelines for comfortable and safe operation. 
 

 

Figure 2 – Control room panels and consoles at 
Fuqing NPP 

 
The next step consists in harmonizing the design of the displays or screens that constitute the 
basis for normal plant operation with the hardware (hardwired) instruments that are installed 
on the panels and consoles for redundancy, back-up or safety reasons. 
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Figure 3 below provide examples of the design of operational and high-level displays for and 
American ABWR and for the Fuqing NPP (China) 
 

M M

  

Figure 3 – Operational display for ABWR and 
high-level display for PWR, respectively. 

 
Conventional hardware instrumentation and its arrangement in the different panels and 
consoles are likewise determined and specified. Figure 4 below shows the mosaic design of 
the emergency panel of the control room at the Hainan plant (China) by way of an example. 
 

 

Figure 4 – Hardware Emergency Control Panel for 
Hainan NPP (China) 
 

The design also includes all the additional equipment required by the operator for the 
performance of administrative tasks and internal and external communications. 
 

3. MODERNIZATION OF THE CONTROL ROOM MMI 
 
Most operating nuclear power plants are undertaking projects for the modernization of those 
of their I&C systems that have an important impact in the control room, either because of the 
obsolescence of the current equipment, the incorporation of equipment facilitating operation 
and supervision or the fact that the plant is facing lifetime extension. 
These projects, which have already begun to alter the appearance of our control rooms, will 
undoubtedly grow in number. It is reasonable to imagine that the control rooms that the plants 
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will have at the end of their service lifetime will have undergone a highly significant 
evolution and that they will surely be closer to the designs of the new plants that we are 
currently seeing than to the designs with which they began their operation. 
Given that the modernization process extends over time, it is important to have an overall, 
long-term vision of the evolution of the control room, beyond the specific projects carried out 
in each refueling outage and incorporating new items of equipment that are often provided by 
different suppliers applying specific and not always uniform criteria. 
The modifications made to I&C systems and the MMI in the control room have an impact on 
human activity in the control room, on the required know-how and on the training 
requirements. In order to guarantee safe and effective operation it is essential to specify, 
design, implement, operate and maintain the changes made to the control room MMI and to 
provide training on them. The application of an adequate HFE programme guarantees 
achievement of the above. 
As it has been pointed out above, the experience acquired in the development and application 
of HFE methodologies in the design of new control rooms is of great use for the HFE 
programmes applied in the modernization of the control rooms in the existing plants. 
However, there are certain additional factors to be considered that are related to specific 
aspects of modernization, such as the following: 

 Conceptual model of the new control room MMI 
 Human Factors Engineering Guidelines 
 Migration strategy 

The processes of modernization of the control room I&C systems and MMI may be divided 
into three types, depending on their complexity and on the degree of modification: 

 Component by component change. The old components are replaced with new digital 
units having identical functions. The changes to the MMI are minimal. 

 Hybrid. The instruments in the control room are replaced with new units. Some of 
these will be similar and others may be integrated in displays, giving rise to the so-
called software MMI. Furthermore, new displays are added to the control room MMI 
in order to improve operational efficiency and safety. The changes to the MMI may be 
significant. 

 Fully computerized control room. This is the most comprehensive modernization 
process. The old instruments are replaced with software instruments integrated in 
displays that form part of the compact work stations assigned to each operator. The 
MMI is completely different. 

The aspects analyzed below focus on hybrid modernized control rooms and apply to 
definition of what the desired control room will be like and how it will evolve from its 
current status to that desired. These two aspects are included in the conceptual model of the 
control room and in the migration strategy, respectively. 
Figures 5 shows an example of projects carried out at Spanish nuclear power plants. 
 

 
Figure 5 – Modernization of BOP system in 

Cofrentes NPP (Spain) 
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3.1. Control Room MMI Modernization Plan 
 

In modernization processes, changes in the I&C systems and MMI carried out step by step 
(e.g., turbine control, reactor control, FWCS control,…), in which each change is 
incorporated in the control room individually without considering the characteristics of the 
MMI, usually pose integration problems.  
Furthermore, if they are performed individually, without taking into consideration the overall 
modernization plan, they will often be arranged and located in the control room attending 
only to space constraints, this possibly penalizing the tasks of the operator. In addition, as the 
modernization process continues, the changes implemented in this way may even degrade the 
effectiveness of the control room, having a negative impact on operation that might imply the 
need for it to be re-designed, with the associated costs that this would imply. 
 
The Modernization Plan will allow for the following: 
 

 An overall view prior to making the changes of what the MMI will be like at the end 
of the process, and in each of the phases of modernization. 

 Guaranteed consistency and integration of the changes to the MMI over time. 
 Assurance that whatever HFE problems might exist have been solved. 
 Improvement of the existing MMI, making appropriate use of the technology 

associated with new I&C systems. 
 Assurance that the MMI meets the regulatory requirements, both at the end of 

modernization and in the intermediate configurations. 
 
The aspects considered in the Plan are as follows: 
 

 The Conceptual Model of the modernized control room 
 The Migration Strategy 
 The Human Factors Engineering Guidelines 

 
The most important requirements to guarantee a satisfactory Plan are as follows: 
 

 Involvement of the operating personnel. In order for the design of the MMI to be 
effective, it is necessary for it to take into account the capabilities and experience of 
the operator (“human centered” concept). Each plant has its own concept of operation, 
based on the practices developed as a result of the modifications performed over the 
lifetime of the plant and on the experience of the operators. 

 Capacities of the new technologies available for the MMI. In order to define the 
concept of the definitive MMI, it is necessary to understand what a control room with 
a modern MMI based on digital technology is like and the differences in the way it is 
operated compared to a traditional interface. Aspects such as operating stations based 
on a software MMI, the use of overview displays, the integration of 1E and non-1E 
software controls, the advanced treatment of alarms or the management of I&C and 
MMI failures must be considered. 

 Application of Human Factors Engineering. In order to ensure the adequate 
application of HFE in the development and subsequent implementation of the Plan, a 
combination of factors is required, such as the following: 
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 Commitment of the plant managers 
 Personnel with knowledge and experience of HFE 
 A methodology that allows for the performance of an adequate process for 

modernization. 

3.2. Conceptual model of the modernized control room MMI 
The objective of this model is to reflect the MMI that is to be obtained at the end of the    
modernization process on the basis of the concepts of operation and of the modernized MMI. 
The operating concept of the modernized control room must show how the operating team 
will supervise and control the plant under all operating conditions (normal, off-normal and 
emergency) with the modernized MMI.  
 
This includes aspects such as the following: 
 

 Composition of the operating crew 
 Distribution of functions between the operating team and the I&C systems, as a result 

of changes in the levels of automation 
 Assignment of supervision and control tasks and stations to the team members under 

different operating conditions 
 Coordination and supervision of the operating team 
 Operation in the event of failure or degradation of the I&C system and/or the MMI. 

 
It is also important to describe how the status of the plant systems and components will be 
watched over, how an alert will be issued in the event of conditions requiring operator 
intervention, how incidents will be diagnosed, how activities will be planned to solve 
incidents, how the components and systems will be controlled, how the different members of 
the operating team will be coordinated and how operations will be supervised. 
This concept may vary depending on the functionalities and degree of automation of the new 
I&C systems.  
The concept of the modernized control room MMI underlines those aspects that provide a 
view of the modernized MMI coherent with the operating concept. The experience gleaned in 
the design of solutions for the MMI in new control rooms is of great use. 
The following are examples of aspects to be analyzed: 
 

 Changes in the type and structure of the displays that supply information to the 
operating team and undertake its distribution in the control room. 

 Installation of an overview display. Is it necessary? What type of information would it 
display? 

 Integration of “traditional” indicators and registers in information displays. 
 Implementation of software controls. To what extent will they replace the 

“traditional” controls? 
 Hardware controls that will be maintained and others that will be implemented as a 

back-up in the event of software MMI failure. 
 Alarms system. Will there be changes in the way the alarms are displayed? Will 

filtering and prioritization criteria be applied? 
 Distribution of panels, consoles and operations stations in the control room. 
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3.3. Migration strategy 
The Migration Strategy defines the steps to be carried out in order to modernize the MMI as 
the modernization of I&C systems progresses, the aim being to develop the definitive MMI. 
The strategy should contemplate aspects such as the following: 
 

 Planning and evaluation of MMI transitions.  
 Change in the operating concept of the MMI in each phase of modernization. 
 Training and changes to the operating procedures. 
 Incorporation of changes on the simulator. 
 Integration of MMI failures in the operating procedures. 
 Regulatory requirements. 
 Evaluation of hybrid configurations. 

 
An important aspect to be underlined in the strategy is the evaluation of provisional hybrid 
configurations. The performance of modernizations by stages gives rise to provisional hybrid 
MMI’s that must be evaluated in order to guarantee that there are no problems in MMI 
operation or as regards coordination between the members of the team or monitoring of the 
procedures. 
The following are examples of situations that might arise: 
 

 Differences in the design and operation of different systems or different sections of 
the MMI when these are to be used together or alternately by the operator. 

 Control tasks requiring the use of digital and analogue controls. 
 Differences in the level of automation of digital and analogue controls. 

3.4. Development of Human Factors Engineering guidelines 
Two types of guidelines must be developed for the design of the MMI and for its 
implementation. 
The MMI Design Guidelines are based on international standards (for example NUREG-
0700) and supply the HFE criteria to be considered during the design of the different 
elements of the interface. These Guidelines will be used throughout the different phases of 
modernization.  
The following are examples of their use: 
 

 Specification Phase: When the specifications of the MMI components requirements 
are drawn up (diagrams, displays, operating consoles, panels, etc.). 

 Design Phase: They will serve as a basis for the development of the design 
specifications and Style Guidelines of the new diagrams and displays of systems in 
which the user interface changes from physical elements to computer displays (e.g., 
soft controls, diagrams, graphic items, information displays), as well as for the layout 
and design of the operations stations. 

 Testing Phase: They will provide criteria for the Verification and Validation of the 
new MMI. 

 
The guidelines for the process of MMI implementation describe the HFE programme to be 
applied in modernizing the MMI. They   allow for the adaptation of a generic HFE 
programme based on international standards (for example NUREG-0711) to the specific 
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modifications made in the plant. These guidelines are based on international standards (for 
example NUREG-0800, R.G. 1.174, NUREG-1764).  
 
They are used to classify the modernization of the MMI of each system from the point of 
view of HFE and depending on the level of risk. By means of this classification, a level of 
application of the HFE programme is associated with each modernization, in keeping with the 
dimension of the modification. 
It is important that the scope of HFE activities is optimized and planned efficiently, in order 
to prevent the cost of such activities from becoming burdensome in comparison to the cost of     
modernization, and the specific methodologies for the modernization of control rooms have 
been oriented in this respect. 

 

4. CONCLUSIONS 

Given the enormous capacities of new digital I&C systems, the detailed analysis of human 
factors engineering takes on a special relevance, the objective being to determine the ideal 
interface for the operator taking into account the tasks to be addressed under any plant 
operating condition. This interface, jointly defined on the basis of the operating concept, will 
define the design of the new control room or of the modernization in the case of an existing 
control room. 
 


