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ABSTRACT 
In nuclear power plants, field operators (FOP), make inspections and perform operations 
outside the main control room, and also collaborate with main control room (MCR) op-
erators in different plant states. With emerging virtual technology, new opportunities for 
field operator training have become available. This literature review presents an overview 
on how virtual training can be utilized to improve training of FOPs, and also collabora-
tion with the MCR operators. The main research questions were: First, what kind of VR 
solutions exist for field operator training? Second, how beneficial are these solutions for 
operator work and collaboration? And third, how should VR training be developed in or-
der to better support work and safety? 

Typically, virtual reality (VR) utilizes a wearable device, that is a VR headset comprising a 
stereoscopic head mounted display, hand-held controllers and motion tracking. With ad-
ditional devices also sound and haptic experience can be delivered. Also, headphones 
can be used to provide sound, and suits and gloves to create a haptic experience. In VR, 
the virtual 3D world is provided to the user, and the user can interact and move physi-
cally within the virtual environment. However, in the research literature on the use of vir-
tual reality for operator training, the term VR is understood broadly, and solutions that 
vary considerably in their technical maturity, in their level of interactivity, and in their 
training purpose, are reported as VR training.  

For field operator training, four main application areas for VR were identified: First, fault, 
incident and accident management including collaboration with MCR operators. Second, 
maintenance work process planning and training. Third, radiation visualization and haz-
ard detection training, and fourth physical safety training. 

It was found that VR training can offer feasible and effective means for field operator 
training. On the other hand, the VR training as such cannot be seen as an omnipotent 
learning tool, but the effectiveness depends on the actual implementation. The realiza-
tion of the plant facilities and their functionality in the VR training environment are cru-
cial for achieving accurate mental models, for transferring the learned skills to actual 
work, and for ensuring a pleasant and inspiring learning experience. Also, the level of 
support and guidance from the instructor, as well as the task content and familiarity af-
fect training results.  

Even though the VR solutions for entertainment industry and consumer market have be-
come more and more in common, there is plenty of room for development in the fields 
of education and training. In the future with the technological maturation and increasing 
availability of training solutions, VR training is likely to become increasingly common in 
the nuclear domain, and especially in field operator training. 
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1 INTRODUCTION 

It is characteristic to control room operator work to control a process occurring ‘behind 
the curtains’. The operators are not able to see the process, and they have to trust on in-
formation presented through human-machine interfaces (HMIs). In addition to HMIs, 
also field operators (FOPs) are both main control room (MCR) operators’ eyes, ears and 
noses, and they execute operations that cannot be operated through digital user inter-
faces of the main control room. In order to do that, proper collaboration and coordina-
tion of activities is required between control room and field operators. For effective 
teamwork in distributed teams, special training is required. It is, however, often challeng-
ing, because training simulators do not typically include facilities for training field opera-
tor activities. For example, field operators do not normally have an opportunity to carry 
out operational rounds during training or other activities, as they would do in real life. 

The dilemma, then, is that special teamwork training is required, but it is very difficult to 
realize it in today’s training facilities. New interaction technologies offer one solution to 
this problem by giving new opportunities to implement teamwork training. This report 
presents a review on how modern technology can be utilized to improve training of 
work and collaboration and what the benefits are for efficiency, learning and safety.  

 

 

 

 

 

 

 

 

Figure 1. Our focus in this literature review is on VR train-
ing aimed at field operations in nuclear domain, but we 
broadened the scope of the review by considering control 
room activities, other process industries such as chemical 
and petrochemical, and also other purposes than training 
such as design and system testing. The main themes of the 
study are shaded by transparent red coating. 

 



 Virtual-reality based nuclear power plant field operator training 
 

7 

 

After its invention in the 1960s and 1970s, the capabilities of virtual reality (VR) and aug-
mented reality (AR) solutions have increased substantially, and they are nowadays used 
both for work and leisure goals. Their application domains include such as education, 
training, industrial design, military, rehabilitation and entertainment. The review will focus 
on the application of virtual reality in field operator training. In VR, digital technology 
provides simulation of reality typically through visual, auditory and haptic interfaces. A 
person in a VR environment can behave in a similar way than in the real world and have 
the subjective illusion of being there in a simulated setting. VR has shown to be a prom-
ising tool in training procedural tasks requiring execution of a set of behaviors in a three-
dimensional space (Dede et al., 2017). In general, there are several reasons contributing 
to its usefulness such as converting the abstract to the concrete and making hands on 
training possible in situations where it is impossible to train things in the real world 
(Slater and Sanchez-Vives, 2016). 

The report is divided into six main chapters: First, we describe the characteristics of field 
operator work, putting a special emphasis on collaboration between control room and 
field operators. Second, we define the basic principles of operator training in general and 
field operator training specifically. Third, we present an overview of virtual reality solu-
tions for operator training and applications of VR in an operator training context. Fourth, 
we critically evaluate VR training environments for operator training, and their applicabil-
ity for teamwork training between control room and field operators. Fifth, we evaluate 
the effectiveness of virtual training as compared with the conventional operator training 
methods. Finally, we discuss the implications of the main findings. 

The main research questions were the following: 

• What kind of VR solutions exist for field operator training? 
• How beneficial are these solutions for operator work and collaboration? 
• How should training through VR be developed in order to better support work 

and safety? 
 
Document search in the databases was performed with key words such as VR, virtual re-
ality, virtual learning environment, field operator, training, nuclear, process industry, 
teamwork and collaboration. Furthermore, several documents mentioned in the refer-
ences section in relevant documents were identified and reviewed. 
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2 FIELD OPERATOR WORK 

“Field operator” (FOP) is a somewhat fuzzy term referring to a couple of job positions, 
and the tasks, as well as the exact job title vary from one country or even facility to an-
other. For instance, in Finnish nuclear power companies the field operators are distin-
guished from maintenance workers, and they always operate under the control of the 
main control room operators, with the MCR shift supervisor as the person in charge. In 
this report, it is defined as an operator who performs a set of inspections and operations 
outside the main control room. They include technicians, electricians and other profes-
sionals in the field who collaborate with control room operators in different plant states. 
According to Bullemer et al. (1997), field operators, e.g.: 

• Conduct status checks of sensors 
• Validate correctness of instrumentation readings 
• Conduct process monitoring in the field 
• Initiate preventive maintenance and repair activities 
• Conduct periodic readings and measurements 
• Conduct manual operations of valves etc. 
• Conduct diagnoses and mitigation responses in incident and accident situations. 

2.1 Collaboration between control room and field operators 
Collaboration between operative personnel plays an important role in process control in 
nuclear domain.  Effective collaboration is managed through communication and coordi-
nation of activities. 

Communication is a key skill in collaboration between the control room and the field, 
and it is especially important in incident and accident situations. According to Kluge et al. 
(2015), in these situations, the amount of communication between control room and 
field operators typically increases significantly, and it deals with all kinds of topics from 
inspections of plant conditions to remote operations of, e.g., valves and switches.  

Coordination can be defined as the interaction of different people or things to achieve a 
particular goal or effect. The coordination of operator activities through communication 
is necessary in operating plant systems. It is especially challenging in distributed teams 
communicating via mobile devices. For effective communication and coordination of ac-
tivities, shared awareness of the plant status is a mandatory requirement.  
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3 PRINCIPLES OF FIELD OPERATOR TRAINING 

Field operator training varies in different countries and also facilities, but some general 
guidelines and practices for FOP training are briefly described below. 

3.1 Systematic approach to training 
There are several international guidelines that provide guidance on operating personnel 
training. All of them are mainly based on the systematic approach to training (SAT). The 
SAT approach provides a logical progress from the identification of training needs and 
competencies, to the design and accomplishment of training and to the evaluation of 
the training that has been conducted. The SAT approach includes five main phases, anal-
ysis, design, development, implementation and evaluation. In applying this approach, the 
first task is to identify and document training requirements by conducting training 
needs, job and task analyses. In the design phase, learning objectives and evaluation 
standards are determined, and in the development phase, training methods are selected, 
details of the curriculum are developed, and training material is prepared. In the imple-
mentation phase, training is conducted and documented, and in the evaluation phase, 
the effectiveness of the training is assessed. (Laarni et al., 2011) 

Also, field operator training, e.g., in nuclear domain should be based on the SAT ap-
proach, but there is very little specific guidance on the design and implementation of 
field operator training. For example, DOE Training Program Handbook (DOE-HDBK-
1078-94) speaks of operators in a general level, but from the context it can be under-
stood that the guidance is intended to help the design of control room operators’ train-
ing. On the other hand, in DOE Handbook entitled “Guide to Good Practices for Team-
work Training and Diagnostic Skills Development” (DOE-HDBK-1202-97), it is specifically 
mentioned that team skills training should be targeted to technicians, operators, supervi-
sors and managers. It is a useful source of guidance, e.g., in training of communication, 
stress management, team building, and conflict resolution skills, which play a prominent 
role in field operator work. But less guidance is provided on training of operational 
rounds, area inspections, equipment status checks and the other main tasks of field op-
erators. 

3.2 Simulator training 
Simulator training is conducted on a system that duplicates the physical appearance and 
indicators of the plant system, and operating conditions during normal, abnormal, and 
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emergency conditions (DOE HDBK-1078-94). Simulators offer an environment to prac-
tice complex tasks and high-risk situations in a safe manner. According to IAEA-
TECDOC-1411 (2004), control room operators in nearly all countries having nuclear 
power plants receive both basic and refresher training on control room simulators and 
more than 90% of them receive training on plant specific simulators. According to IAEA-
TECDOC-1411, also other NPP personnel such as field operators and maintenance per-
sonnel benefit from simulator training on plant-specific simulators. Training practices, 
however, vary between countries and may also differ between facilities of the same 
country. For instance, in Finland, in one of the two currently operating nuclear power 
companies their field operators participate in annual refresher training on control room 
simulators, while in the other one the field operators do not take part such training. 

An important concept in simulator training is transfer: Transfer of training occurs when 
trainee knowledge and skills learned in a simulated environment can be used in a real-
life control room environment. There is a correlation between simulator fidelity and 
learning results, but the link is not straightforward: sometimes high levels of fidelity can 
result in negative transfer (e.g., Laarni & Koskinen, 2014). 
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4 APPLICATIONS OF VIRTUAL REALITY IN FIELD 
OPERATIONS  

Augmented reality (AR) and virtual reality (VR) have both emerged as rapidly developing 
technologies (Bonetti, Warnaby, & Quinn, 2018).  

AR is a technique “to combine real and computer-generated digital information into the 
user’s view of the physical world in such a way that they appear as one environment” 
(Olsson, Lagerstam, Kärkkäinen, & Väänänen, 2013). Thus, AR blends the virtual and real 
worlds (Huang & Liao, 2015) into one perceived entity. AR can be seen through a digital 
camera or mobile phone as well as with a head-mounted display – all these devices al-
low the perception of real-time physical environment, added with AR material. From the 
training perspective, the trainee can perceive relevant, additional information in aug-
mented reality while still acting in a real world. 

Virtual reality (VR), in turn, utilizes a wearable device, that is a VR headset comprising a 
stereoscopic head mounted display (HMD) and hand-held controllers with motion track-
ing sensors on both of them. Also, headphones can be used to provide sound. In VR, 
only the virtual 3D world is provided to the user, not the real-world surroundings. It is 
possible to interact and move physically within the virtual environment by movements of 
one's head and by using the hand-held controllers. Physical movement can also be im-
plemented through motion tracking of the limbs or even full body. (Bonetti et al., 2018; 
Scarfe & Glennersten, 2015) 

 

Figure 2. Fortum VR CR: setup for VR workstation and a view from the main control room in VR control room in a 
simulated fire situation.  
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The literature on the use of virtual reality for operator training in NPPs, and elsewhere in 
process industry, describes VR solutions that vary considerably in their technical maturity, 
in their level of interactivity, and in their training purpose. In this literature, various differ-
ent devices for experiencing the digital environment are described, ranging from ad-
vanced immersive and interactive 3D environments to very simple passive non-immer-
sive 2D viewing solutions. VR headsets are often used but an appropriate 3D-like experi-
ence of the environment can also be provided by other means. For instance, in CAVE Au-
tomatic Virtual Environment projectors are directed to between three and six of the walls 
of a room-sized cube. Furthermore, the user can be active or passive in the digital envi-
ronment, and the VR solutions can be used for varying training purposes such as opera-
tor training, work planning or task optimization. Examples of solutions and the related 
activities are presented below in Table 1.  Most of the solutions are relevant for field op-
erator training, but also some other examples are provided to give a more extensive 
overview of the possibilities that digital environments provide for operator support.  

Table 1. Examples of options for using VR/digital environment. 

Device used Active/passive user Purpose 

Example 1: 
HMD 

active: digital counterpart was 
created for a tokamak, supporting 
the fitting of new components to 
the existing small space 

VR was created to support layout 
planning for a relatively small, 
predefined space (Meunier, Keller, 
Guédon, 2018) 

Example 2: 
HMD 

active:  operators choose the view 
from predefined options while 
performing a task 

VR was created for studying 
operator support at work 
(Kaarstad, Nystad, Strand, 2011) 

Example 3: 
HMD with co-
localized 
representation of 
user’s body and 
multi-localized 
vibrotactile feedback 

active: complex assembly and 
maintenance tasks were performed 
in VR 

VR was created for assessing and 
supporting the optimization of 
complex tasks (Louison, Frelay, 
Keller, Mestre, 2017) 

Example 4: 
HMD and wearable 
technology with 
location tracking 

active: needed information is 
accessed in a real environment 

AR was created for providing 
relevant information to support 
working in a plant (Louka, 2011) 
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Device used Active/passive user Purpose 

Example 5: 
large screen 

active: operators move in the digital 
environment and perform work 
tasks by selecting actions from a 
pop-up menu, affecting also 
simulator state 

field operator training (Nystad & 
Strand, 2006a) 

Example 6: 
computer screen 

passive: a predefined proceeding of 
some performance is viewed about 
manikins’ moving in the digital 
environment 

simulations were created for 
planning and training operators in 
performing specific tasks in a 
radioactive environment (Rindahl, 
Johnsen, Owre, Oguchi, 2002) 

Example 7: 
computer screen 

passive: agent-based system 
performs in a product maintenance 
process 

VR was created for testing the 
successfulness of intelligent and 
autonomous agents in acting for 
product maintenance (Liu, Peng, 
Liu, Hou, 2010) 

 

Table 1 presents a sample of the variety of VR and AR solutions, mainly designed for the 
nuclear domain. Virtual reality can be used as an environment which can be used to train, 
for example, suitable activities in a new or challenging environment. In the following, the 
examples shown in the table are briefly “translated” into training context.  

Training in VR can be done by creating a digital counterpart of the human actor in a digi-
tal environment, enabling the human to perform the needed task as if in real life (HMD 
related solutions in the Table 1, see examples 1-4). The digital environment can provide 
the needed feedback, or the performance can be discussed later with the trainer.  

Another option, also documented as VR related activity, is to watch VR on a computer 
screen in which manikins, representing humans, are guided to act in the digital environ-
ment (Table 1, example 6). The person to guide the digital manikin can be the trainee; 
and again, the needed performance can be trained as many times as needed to enable 
learning to act in the appropriate way. Alternatively, the optimal performance is shown 
on the screen, in a real-like environment, and the trainee can observe this performance 
to learn to act later similarly in the real environment.  

A third possibility is to create a two-dimensional representation of a 3D environment on 
a screen so that the user, i.e., trainee, can express how (s)he moves in this environment; 
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the visual outlook on the screen changes in accordance with the indicated movement 
(see Table 1, example 5).  

Finally, also autonomous actors can be defined to perform the needed task and this per-
formance can be monitored on a computer screen (see Table 1, example 7). 

In the following, VR solutions for various field operator training purposes, namely inci-
dent and accident management in collaboration with control room operators, mainte-
nance training and maintenance work planning, radiation visualization and hazard detec-
tion and finally, physical safety training are presented. 

4.1 Fault, incident and accident management  
One of the clear advantages in VR training is that it enables to include field operators in 
the same training scenario with the control room operators. Along with a more realistic 
training and more active role for field operators, VR also provides a possibility to re-
hearse collaboration and communication protocols with control room operators (Nystad 
& Bryntesen, 2014). In the following, VR training in NPPs is reviewed from the perspec-
tive of control room and field operator collaboration in incident and accident manage-
ment training. 

Technically, in most reported cases, the control room operators are situated in their train-
ing simulator, while the field operators participate to the simulated scenarios from an-
other room, equipped with a VR training system (Skjerve et al., 2005; 2008; Nystad & 
Strand, 2006a; Kaarstad et al. 2011). The operators either communicate to each other, or 
the coordinator worked as a communication link between the field operator and the 
control-room operator (Skjerve et al., 2008). For instance, in Nystad and Strand (2006a) 
the field operators conducted their tasks in a VR model of the plant, connected to the 
control room training simulator in a way allowing all actions in VR to affect the simulator 
state, and vice versa. The model allowed the field operators to enter any selected room 
of the plant from an overview map, and also the walking time to the room was simu-
lated. 

Collaboration. VR training can support the collaboration between the control room and 
field operator in several ways. The VR environment has been shown to enhance the op-
erators’ overview to other operators’ activities (Kaarstad et al. 2011), increasing mutual 
awareness. Also, the level of support given, and the level of support obtained in the VR 
environment has been reported higher than in the actual home plant (Skjerve et al., 
2005). Similarly, some of the MCR operators perceived the teamwork being good, even 
better than in the home plant (Skjerve et al., 2005). More specifically, the VR environment 
and its tools allowed the operators to better help each other. For instance, it was easier 
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to deduce the problem based on the location of the field operator. Also, the environ-
ment provided a platform for knowledge sharing as the less experienced operator was 
able to get support from the more experienced operator (Kaarstad et al. 2011). As a 
downside, there was also confusion about task allocation. Also sense of loneliness was 
reported, as the field operator is alone in the virtual environment, while the MCR opera-
tors share physically the same working space, the control room simulator. One MCR op-
erator reported that his/her task load was too high (Kaarstad et al. 2011). 

Communication. In actual work and in conventional simulator training the communica-
tion between the control room and field operators occurs via mobile devices such as tel-
ephone or radio. Hence, remote communication in VR via mobile device, VR does not 
significantly differ from real life situations. On the other hand, VR environment can also 
allow free open communication between all the operators, supporting collaboration and 
mutual awareness. According to Nystad and Strand (2006a) it was easier for the opera-
tors to maintain situational awareness and common understanding of the situation when 
the communication line was open for everyone in the scenario. Importantly, field opera-
tors perceived this way of communication to be even better than in the home plant. Sim-
ilarly, in Skjerve et al.’s (2008) study, all operators communicated freely with each other. 
Field operators reported that it helped them to maintain awareness on overall state of 
the plant and other operators’ activities. This type of open communication increased the 
team performance. One crew explicitly stated that a continuously open communication 
line could facilitate teamwork, in situations when intensive co-operation is required be-
tween control-room and field operators. In this study, field operators were satisfied with 
their role (i.e., type of tasks, level of responsibility, degree of participation) in the training 
scenario scenarios, mainly due to the continuously open communication line and availa-
bility of process displays. With additional training and equipment, the role of the field 
operator could change and evolve to a more active assistant of control-room operators. 
(Skjerve et al., 2008.) 

In VR, the lack of facial expressions or body language is sometimes seen as a problem, 
but not always. For instance, according to Kaarstad et al. (2011), these issues did not be-
come a problem as the crew was used to work together, and communication would nor-
mally occur via radio. Also, Nystad and Strand (2006a) reported that as the participating 
operators worked together, and thus were familiar with each other, they already had de-
veloped a mutual way of working as a crew. In addition, the form of communication was 
similar to the communication in home plant and the interaction appeared to be realistic 
between the operators (Nystad and Strand, 2006a). It appears that familiarity between 
the crew members, with the communication protocol and with each other's way of work-
ing support crew collaboration in the VR environment. It may also counterbalance some 
of the drawbacks of the VR solutions, such as lack of facial expressions. 
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Yet, several problems in communication within the VR training environment were re-
ported (Skjerve et al., 2008). First, it was found that there is an imminent risk for inade-
quate information delivery, when working in separate locations. Secondly, if the line is 
continuously open to everyone, communication mix-ups are possible. Thirdly, it was 
found that too intensive communication can also pose a problem in some cases. Some 
solutions to these problems were presented in Skjerve et al. (2008). To prevent these 
challenges, the line could be normally closed, but it could be opened during emergency 
situations. A “listen only” -option could be a useful addition. Information of who is on the 
line should be offered. Communication routines should be coherent and clear (e.g., refer-
ences to objects should be specific, and safety critical information should be repeated by 
the receiver), and any communication barriers should be prevented, to ensure that rele-
vant information is delivered to colleagues. 

Interestingly, some of the operators did not use the VR option to view what the other 
operators are doing due to communicational reasons (Kaarstad et al. 2011; Nystad & 
Strand, 2006b). They considered audio communication sufficient for information acquisi-
tion; some operators, in turn, felt that there is no need to monitor the other operator, 
since they trusted them to perform their tasks.  

The authors suggest that to ensure effective communication in the VR training environ-
ment, the VR view must show helpful information, the user needs to understand the in-
formation presented, and the user must have time to use the information.   

4.2 Maintenance work process planning and training  
As the component structure can be effectively explored and viewed from new angles 
and point of views using 3D models, the 3D based VR simulations have also been ap-
plied to train complex assembly and maintenance operations in nuclear domain. 

In a study by Meunier et al. (2018), VR was introduced in the design process of large up-
grade project of Tore Supra tokamak in which the whole plant configuration was modi-
fied including in-vessel components. According to the authors, one of the biggest chal-
lenges in this specific upgrade project was fitting all the new components in the previ-
ously existing environment that set strict space constraints. Consequently, the assembly 
plan and the design tooling needed to be especially carefully drafted before the actual 
installation works. In the project, VR-based simulations and a large set of dedicated tools 
were developed for the assembly tasks that were recognized as the most challenging by 
the design engineers. The main aim of introducing VR-based solutions was to improve 
the design and to plan the assembly. Through the VR simulations the project members 
(e.g., engineers, designers, and operators) were able to experience and train in the future 
assembly conditions in a 3D 360 realistic size immersive environment. They were also 
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able to interact with the model and thus experience some assembly tasks and operations 
more tangible. It was reported that the VR-based approach helped personnel to learn 
about the accessibility and kinematics of large components. It also reduced the need of 
physical mock-ups, and furthermore, enabled the assembly team to recognize assembly 
issues proactively so that during the actual assembly work less unforeseen issues 
emerged. According to this project, maintenance operator training was one possible ap-
plication area for VR simulations. Furthermore, it was thought that VR could provide an 
environment where the final training demonstrations could be performed before an op-
erator can be admitted a permission to access the hot area.  

Another example of an application in which VR is used for work process training is re-
ported by Khoudiakov and colleagues (2006). The VR simulator was developed for the 
purpose of training the use of refueling machine in online refueling of RBMK-type (i.e., 
high-powered channel-type) of reactor and thus reduce the human-based errors in op-
eration. Around 400 refueling operations are carried out at full power steady state per 
year. Errors in these operations can cause unit shut down and radioactive release leak-
ages and have significant impact on power plant safety, operation, and productivity. VR-
based training simulator was developed in two stages. In the first stage, the existing dis-
play-based training simulator was extended with the VR model with the aim of increas-
ing the operational safety during the refueling process. In the second stage, the func-
tional scope of a VR simulator was extended with number of new functionalities that en-
able training of more complex scenarios and work tasks and with unit total shift. The VR 
simulator was connected to the RBMK unit full-scope simulator and specific training fea-
tures were developed for systematic training of refueling work (e.g., a special feature that 
enabled the recording and replaying of operator actions for process tracing). The VR 
model was high in structural detail, and the learning process was fostered by highlight-
ing (with colors) the most essential components and displaying the components with 
case cuts so that the basic mechanisms in them could be observed. According to the 
Khoudiakov et al. (2006) the VR simulator is primarily designed to support the opera-
tional activity of the refueling machine operational staff (i.e., aid in developing basic 
knowledge and skills and to keep staff in close touch with complex machinery). In addi-
tion, the VR simulator is envisaged to be used as a testing site for new improvements, 
work processes and equipment.  

In Halden Reactor Project, a work-planning software that predicts the radiation exposure 
of workers in contaminated areas has been developed (Nystad et al., 2004). The software 
could potentially be used for planning and training the maintenance personnel so that 
they can perform their tasks quickly and efficiently, thus reducing radiation doses. The 
maintenance personnel interact with the software through a user interface called VRdose 
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(Rindahl et al., 2002). In VRdose, manikins are used to represent the maintenance work-
ers in the VR. The idea is to provide a means to evaluate the doses the worker would 
have when moving in a radioactive environment while performing some maintenance/ 
work tasks. In practice, the user is controlling the manikin’s movements in the VR and 
then afterwards a recording of the movements and the activities in the VR space can be 
reviewed from different angles with the calculated doses displayed on side. The accuracy 
of the predictive radiation dosages produced by the software was validated with two sets 
of data (i.e., all-data method and isolated data method) measured from an actual work 
environment (i.e., a reactor hall). It was shown that the all-data method gave predictions 
that were on average 2.3 times higher than the actual dosages and that the isolated-data 
method gave prediction on average 0.9 times the actual dosages. This information on 
the radiation dosages is important in planning workers’ tasks in decommissioning, and it 
can also be used for training purposes. Training in this type of radiation-aware VR envi-
ronment is expected to lead to an optimization of the radiation dose and minimization 
of workload, consequently resulting in cost reduction and the prevention of radiation ex-
posure. 

4.3 Radiation visualization and estimation, hazard detection 
One obvious benefit of VR is that it enables safely experiencing phenomena and places 
that otherwise would be dangerous or inaccessible for humans such as high contamina-
tion environments or closed structures.  

The Halden Reactor Project (HRP) has been active in investigating and developing radia-
tion visualization techniques that could be used, for example, when planning decommis-
sioning activities or when training the field operators. This development work started at 
the first Halden Reactor Project VR workshop held in 1998 (Louka, 1998). As a result of 
this workshop, a recommendation list of five specific research topics on the application 
of VR in nuclear domain was released. One of these topics was “the use of VR to visualize 
the invisible”. In these studies, the use of 3D visualization techniques has played a key 
role. Specifically, they have examined the potential usefulness of the virtual and aug-
mented reality (Nystad et al. 2002; Drøivoldsmo et al. 2002) for maintenance training and 
online radiation visualization and compared these to more traditional ways of radiation 
training.  

In one of the earliest studies (Nystad et al., 2002), they tried to understand the effect of 
selected radiation visualization techniques on learning about radiation distribution. A 3D-
based radiation visualization on computer screen was compared to the use of more con-
ventional paper-based radiation maps. The radiation visualization was displayed in sepa-
rate window next to the 3D model of the plant environment. Already then, the potential 
for displaying the radiation in 3D format was clear, as the test participants performed 
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significantly better when using the 3D radiation visualization than with the paper-based 
maps (Nystad et al., 2002). Subsequently, the development of the radiation visualization 
has continued and nowadays, with the more mature systems, a more integrated view 
can be provided, presenting the radiation in direct connection to a virtual (or real) sur-
rounding environment (Louka et al, 2008). This allows the user to understand intuitively, 
and thus more easily the correspondence between the radiation visualization and the 
environment where, for example, the maintenance work is carried out.   

Radiation visualization in virtual environments and its use for maintenance and field op-
erator training has also been studied by other research groups (Rodenas et al, 2004, Ver-
meersch and Nijs, 2005 and Mol et al, 2008). For example, Mol et al. (2008) presents a 
system that is based on the use of a consumer grade game engine as a virtual simulation 
tool for dose assessment in nuclear power plant. The game engine is connected to The 
Radiation Monitor MRA, which is a digital radiation area monitor to provide an online ra-
diation values measured in the real environment. This information is envisioned to be 
used for optimization of operational and maintenance procedures, the final aim being to 
reduce radiation doses received by the workers. With the help of the VR system, the 
workers could also verify the work sites’ radiation conditions before entering them.  

4.4 Physical safety 
In order to conduct field and maintenance work in nuclear facility field operators have to 
enter spaces and carry out tasks that may endanger their physical safety. These include 
working at high platforms or in proximity of warm surfaces or accessing confined work 
sites.  

In the design of fusion energy facilities, a key issue has been how to organize mainte-
nance work, as there are machinery and equipment locating in tight, confined places and 
environments. Louison and colleagues (2017) have studied the VR and accessibility issues 
in assembly and maintenance work at Tora Supra/WEST fusion facility. In a series of ex-
periments, they examined the use of VR to plan accessibility and maneuvering in tight 
places, and the possibilities of vibro-tactile feedback to substitute the lack of contact 
cues in VR environment. When the operators involved in the experiments were asked 
feedback about the maintenance simulations, they were positive about the VR setup and 
its usefulness in evaluating the accessibility in maintenance work.   

Electricity grid operations comprise high-risk maintenance work (e.g., adequate and 
timely inspections) requiring well-trained and highly skilled personnel. García et al. (2016) 
presents a study where they developed a non-immersive VR training system for high-
voltage overhead power line operators. This type of maintenance work is done at height, 
and the accidents involving live lines maintenance can be lethal. Thus, early training in 
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the dangerous real-world environment is not recommended. Consequently, the virtual 
reality was seen to provide an effective and safe environment where the workforce train-
ing could take place provided that the required level of simulator fidelity could be 
achieved. The introduced training system called ALEn3D included thirty-one different 
maintenance procedures that are necessary in high-voltage distribution network opera-
tion. The effectiveness of the ALEn3D was tested in an evaluation study in which two 
groups of twenty-four randomly selected apprentices were trained using two different 
approaches. The conventionally trained group was called GroupTrad, and they received 
classroom lessons (I.e., lectures enhanced with photographs, power point presentations 
and videos) and field training (in de-energized environment). The GroupALE used the 
new VR simulator for training the first half of their training process after which they also 
attend to field training. The knowledge and skills of the apprentices were tested in two 
evaluation sessions. The first test was arranged three days after the training, and it in-
cluded an examination and a field test (i.e., classroom learned maintenance maneuver). 
The second evaluation session took place nine days after the training and repeated the 
procedure of the first evaluation session. The results of the evaluation showed that the 
GroupALEn performed better both in the theoretical and in the practical test. The 
GroupALEn also improved their scores in the knowledge and performance retention 
evaluations. Unlike many other VR training applications that are mostly used for experi-
mental purposes in laboratories, the ALEn3D is currently being used as an official training 
tool at one electric utility company. So far, the ALEn3D has reduced 33 percent of the 
time required to train the new workers indicating that the VR based training system can 
be a cost –efficient alternative to more traditional training methods.  
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5 EVALUATING VR TRAINING ENVIRONMENTS FOR 
FIELD OPERATOR TRAINING 

The work of field operators includes collaboration and communication with control room 
operators, accurate perception of numerous indicators, navigation within the plant area, 
manipulation of various of physical devices and reading operating instructions. How 
these are implemented in the VR training environment is crucial for achieving accurate 
mental models, for transfer the learned skills to actual work, and for ensuring a pleasant 
and inspiring learning experience. In the following the implementation of the VR training 
environments, namely the navigation and collision protection, communication, fidelity of 
presentation as well as need for familiarization are discussed in the context of field oper-
ator training. Also, some important aspects of scenario planning for VR, and finally oper-
ators’ own views, both pros and cons of VR training environments are briefly presented.  

5.1 User interfaces (UIs) 
Navigation and collision protection. Virtual environment can be created so that the 
avatar representing the participant can pass through objects or alternatively collide with 
them. Both have their advantages. While clashing into objects can make the experience 
more realistic, it also can make navigation more exhausting. In other words, being able to 
pass through objects can make navigation easier to handle but it can also add some un-
realism to the experience. In the study of Nystad (2009) the avatar was able to walk 
through objects in the virtual environment, but the navigation was limited to the external 
walls. In that study the navigation quality was rated on average 1.1 points higher (scale 
from 0 to 5) in comparison to their earlier study (Nystad & Strand, 2006b) in which the 
collision detection was applied (I.e., the avatar could not intersect objects in the virtual 
environment). However, the ability to pass through objects caused some issues. When 
there is the possibility to walk through a large object, the object may obscure the view 
and prevent the trainee from seeing the other parts of the environment (Nystad, 2009). 
This can lead to a lack of overview of where the person is. As a solution, they suggested 
that boundaries can be used to indicate the area a user can navigate within and, also, to 
use boundaries around larger objects so that the user cannot walk through these ob-
jects. 

Communication. For effective collaboration between field operators, they need to stay 
up to date with what the other operators are doing. The lack of mutual understanding 
can be an issue in virtual environments, especially when, for example, facial expressions 
and other human behavior based visual cues can go unnoticed. On the other hand, as 
already described in chapter 4, the communication between the control room operators 
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and the field operators is nevertheless carried out with mobile devices and thus does not 
remarkably differ between VR and real life. Yet, some efforts have been made, to system-
atically increase mutual understanding in VR training. For instance, She and Li (2017) de-
veloped and examined the effectiveness of a mutual awareness toolkit for enhancing 
performance in VR training. The toolkit comprises a user interface that essentially pre-
sents the teammates operations and alarms in lists with time stamps. They found that, 
the toolkit helped participants to learn the real-time changes at the teammate´s sector 
without compromising individual situation awareness.  

Need for familiarization. Efficient VR training usually requires familiarization to the con-
trollers and the VR environment. For an experienced user, a brief overview or a review 
can be sufficient, but for those who are less accustomed to or have no experience in us-
ing such technology it is essential to provide a thorough familiarization before the actual 
training. In order to benefit from the training and to acquire mental models, the VR sys-
tem should not cause additional cognitive load by placing multiple demands on the user 
(Kluge et al., 2015). Nystad and Strand also (2006b) point out, that it is important that the 
user can focus on the task on hand, instead of on how to interact with the environment. 
Furthermore, users need to be familiar with VR in order to experience the environment 
as realistic. 

Also Kluge et al. (2015) stressed the importance of pre-training in VR to enable operators 
to become familiar with the use of immersivity, spatial features and interactivity. They re-
ported that in the study of Nazir et al. (2013, 2014), participants stated that for a better 
performance and associated learning benefits they would have needed more extensive 
pre-training with the VR application. Older studies have had similar indications. In the 
study of Nystad and Strand (2006b), it was reported that the users who were less experi-
enced with the VR rated spatial presence lower in comparison to the more experienced 
participants. Therefore, familiarization with the VR environment before the actual training 
becomes vital. 

5.2 Fidelity 
Fidelity refers to the extent to which the simulator reflects the actual environment of the 
plant. Different levels of fidelity have been suggested by Nystad and Strand (2006b). 
Physical fidelity depicts how well the simulator matches the physical properties of the 
plant. Functional fidelity corresponds to the extent to which the behaviors performed in 
the simulator produce outcomes that can be considered as realistic, or if the simulator 
itself behaves similarly in relation to the real plant. Psychological fidelity can refer to the 
extent to which the user´s feeling in the simulation corresponds to the feeling of operat-
ing in the real environment, including the extent to which the behavior (involving 
thoughts and emotions) in the simulator is akin to the behavior in the non-artificial 
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world. Another closely related concept to the psychological fidelity is a sense of presence, 
that is, the subjective experience of being in the actual plant instead of in a simulator 
(Nystad & Strand, 2006b).   

Physical fidelity. Equipment in a VR environment should behave in a similar fashion as it 
behaves in reality. In the study of Nystad and Bryntesen (2014) the operators reported 
that the direction in which to turn a valve was opposite to what it is in the real plant. Fur-
thermore, the valve did not behave realistically in terms of the number of rotations 
needed to close and open it. It was commented that the realistic behavior of equipment 
is paramount for operators to learn how to use the equipment. 

In addition to the equipment´s realistic behavior, operators need to be able to detect 
them and their states accurately. For example, in the study of Nystad and Bryntesen 
(2014) operators commented that they had difficulties in recognizing the state of a valve 
(open/closed). An arrow indicated the state, and this became visible only when pointing 
at it. They proposed that adding an indication to the valve models could make it easier 
to use. Another example comes from the earlier study conducted by Nystad (2009) in 
which the operators had difficulties in recognizing whether an ion exchanger was point-
ing up or down due to the lack of required details of the simulated object. They recom-
mended that salient object features should be modelled so that the trainees can recog-
nize and correctly manipulate objects.  

Functional fidelity. Operators in the field often need to operate with multiple equip-
ment and tools. Meunier et al. (2018) discussed in their review that the main limitation 
with the current software was that it supported very little interaction between the opera-
tor and the physical elements in the environment.  When developing such applications, 
they mentioned that more haptic interactions are needed. For example, precision welds 
require welders to support their arm or wrist, or when the operators are lifting objects, 
factors such as weight and grabbing points would be relevant to take into consideration 
in the design. Numfu et al. (2019) presented a case study in which the trainees had to 
disassemble a digital jigsaw. The trainees found several shortcomings including a lost 
perception of touch, which resulted from the lack of haptic feedback, and it was difficult 
to work with small parts, especially in narrow spaces. In one study (Manca et al., 2013) 
operators reported that it was not easy to perform the activity in VR since they could not 
benefit from the touch and smell. They pointed out the importance of involving multiple 
sense perceptions in VR training, especially if it is to be successfully used for practicing 
other than merely cognitive skills. 

The study of Bergroth et al. (2018) involving control room operators found that the usual 
way of switching between operating with the procedure (e.g., reading the procedure and 
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changing pages) and looking at the control panels was interrupted due to the user inter-
face. Instead of being able to rapidly change between the two tasks, they had to choose 
either one of the actions stepwise, which made the operation clumsy. Similar issues were 
also found by Laarni et al. (2020) reporting that the operating procedure page filled the 
entire visual field of the operator, blocking the view to the panels. These remarks should 
be considered when the VR training is planned to include the use of operating proce-
dures. 

Psychological fidelity. In order to achieve effective training results, navigation in the 
plant should be easy. Nystad and Strand (2006b) concluded that the sense of presence 
and the ability to navigate was enhanced when the operators were familiar with the plant 
the simulator represented. This was reasoned to be the result of an operator’s ability to 
fill in the missing pieces from memory in a simulated environment. The same was found 
in the later study (Nystad & Bryntesen, 2014). The sense of presence was rated higher by 
the operators who were more familiar with the plant, which seemed to be independent 
of the number of details provided. One participant noted that more details could have 
made the scene more cluttered. Hence, it was concluded that it may be better to make 
the scenario rather less detailed in order to avoid excessive attentional disruptions. In 
conclusion, a simulated environment should represent the real plant accurately, but it is 
not advised to fill the scenario with unnecessary details. 

Figure 3. Navigation in the virtual plant projected on a large screen (Nystad & Bryntesen, 2014). 
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When operators are working in the field, they typically use multiple senses to cross-check 
the perception that is formed by detecting the state of sensors (Kluge et al., 2015). The 
factor associated with psychological fidelity that has been often mentioned lacking in VR 
environment is auditory stimuli. Operators have pointed out that sounds can be benefi-
cial on several occasions, such as, when detecting malfunctions and informing operators 
about equipment states, making diagnostics more realistic and providing feedback on 
the consequences of the operator's actions (Nystad & Bryntesen, 2014).  

5.3 Virtual reality sickness 
Commonly recognized problem arising from the use of VR headset, but also in CAVE 
projectors is discomfort that can come in forms of dizziness, nausea, disorientation and 
eye strain, for example. This simulator sickness can be experienced during or after the us-
age of the device and often arises from the dissociation of what is being seen and what 
the rest of the body experiences (Nystad, 2009). In the study of Laarni et al. (2019) opera-
tors experienced relatively low levels of simulator sickness apart from the eye strain and 
difficulty in focusing, which both were rated as moderate. The operators reported having 
difficulties in reading measurement values from the panels/desks from a distance, even 
though the resolution was otherwise rated as sufficient. It was concluded that eye strain 
resulted from difficulties focusing on different distances. In another study (Bergroth et al., 
2018), users experienced moderate levels of general discomfort and fatigue, presumably 
resulting from the unfamiliarity with the head-mounted VR system and prolonged use of 
the device. This can be taken into account by allowing breaks from the usage of the 
HMD in between tasks during the training. 

5.4 Scenario planning for VR training 
Simulator and VR training offer a safe option to train for complex tasks, high-risk maneu-
vers and scenarios that would otherwise be impossible or too hazardous to perform in 
real world settings. In power plant training simulators and in VR environments it is possi-
ble to provide training with varying levels of complexity in which trainees can learn and 
practice different operating procedures, on both individual and group level, allowing 
multiple repetitions to achieve solid mental models increasing safety at the actual plant. 
In addition, by rehearsing specific scenarios, the field operators can strengthen their pro-
cess understanding, while having the opportunity to manage events that are rare or 
never happen during the plant life and thus cannot be trained on the job (Manca et al., 
2013).  

As compared with the physical power plant training simulators, VR environments can of-
fer also additional benefits. In VR, it is possible to mimic incidents, but also accidents 
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such as fire and smoke more realistically, and thus create a more comprehensive experi-
ence for the user. In addition, VR provides a unique opportunity to realistically include el-
ements outside the physical simulator, such as exit routes or field operators and their 
work sites. A few scenarios regarding incidents and accidents, radiation and the collabo-
ration between control room and field operators are briefly described below.  

Nystad and Byntesen (2014) studied the collaboration between the control room and the 
field operators in four different scenarios. In this setting the control room operators were 
in a control room training simulator and the field operators were in a VR simulator, in an 
adjacent room. Four different scenarios were used:  

• A steam generator tube brake with leaking steam generator power-operated re-
lief valve;  

• A secondary break on steam line from steam generator;  
• A malfunction in solid state protection system including unintentional safety in-

jection;  
• Multiple steam generator tube leaks.  

All the scenarios required some manual operations in the field and to some degree of 
collaboration between the field operator and the control room. Seven different rooms 
corresponding to the rooms in the real plant were created. Sounds were recorded from 
an actual plant to increase realism, but also to indicate changes in the plant, based on 
operator actions. When operating the valves, the field operators used similar hand 
movements to open and close the valves as they normally would in an actual plant site.  

Figure 4. Field operator training in VR (Siemens). 
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Nystad et al. (2002) conducted a study by using radiation visualization in VR. The interest 
was to investigate the effectiveness of VR in learning spatial understanding and radiation 
information. The scenario was as follows:  

• Radiation was distributed around the reactor hall of a nuclear reactor and the 
operators needed to learn the safest route between six specific locations (ie. the 
route with the lowest level of radiation).  

Three groups were compared. Two of the groups were VR groups (one guided and the 
other unguided) and the third group was trained by using a map on paper showing the 
radiation levels. The scope was to explore which way was more effective in terms of spa-
tial learning, and to see if the training would transfer spatial understanding to the actual 
environment. 

Nystad (2009) stressed the importance of effective communication between the control 
room and field operators in VR. The research questions were, first, whether VR can be 
used to include field operators in the training of control room operators and second, 
how this VR technology affects collaboration and communication between the opera-
tors. One control room operator and two field operators were included in the training. 
The virtual environment represented areas of the actual real plant in which the field op-
erators operated. Because the focus was on effective collaboration between the opera-
tors, they provided a view through a video image showing what the operators were do-
ing. Specifically, they presented the field operators view to the control room operator so 
that the control room operator could see the location and actions performed in the field. 
Also, the field operators were able to see what the control operators were doing via 
video image. The study was explorative in nature and the interest was to find out the 
pros and cons in using VR for operator training.  

From the studies described, some relevant remarks on VR training scenarios can be 
made:  

• VR is able to induce a realistic experience that makes the user feel like being im-
mersed in the environment while performing operations.  

• The virtual process plant can be used for training and is a valuable method with 
which to include FOPs in to training and simulation activities.  

• When including FOPs, MCR operators can instruct the FOPs instead of to train-
ers. VR also enables the FOPs to interact with the MCR operators in a similar 
manner to how they would interact in a real plant while performing the tasks in a 
virtual plant. 

• Furthermore, including the FOPs in training can support the MCR operators’ psy-
chological fidelity when the interaction closely resembles interaction in the real 
plant.  
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When planning training scenarios, it should be taken into account what training ap-
proach to use, what needs to be simulated and how this is done. Usability is one chal-
lenge that VR systems can face. One example that is often mentioned is navigation, 
which can be cumbersome especially for less experienced users. For optimal training re-
sults the ease of use is important so the time can be used efficiently for training rather 
than learning how to use the system. It may be useful to design a simulation environ-
ment so that it is possible to reuse it for other training procedures. 

5.5 User acceptance and personal integrity 
In many of the studies reviewed, the operators’ views and attitudes towards VR training 
reported as positive and encouraging, even though in some cases also issues of privacy 
and personal integrity have been raised. 

Sebok and Nystad (2004, 2005) studied the usefulness of different kinds of VR technolo-
gies for training in a nuclear power plant environment. Four different technology types 
were compared: two desktop screen types (monoscopic and stereoscopic), one large 
screen display (stereoscopic), and two types of head-mounted displays (one with head 
orientation tracking and one without).  Both stereoscopic systems and HMD increased 
sense of presence. The participants commented that they felt they were being there and 
actually doing the procedure. In general, participants showed a positive attitude towards 
this way of learning.  

In another study by Nystad & Bryntesen (2014) VR was used to include field operators in 
the control room operators’ simulator training scenarios. The control room operators 
were trained in a HAMMLAB control room simulator, whereas the field operators were in 
an adjacent room, where a VR model of the plant was projected on a large screen. The 
field operators’ movements were integrated to the VR model and the operators were 
able to navigate in selected rooms of the plant and operate various plant systems, such 
as pumps and valves.  It was fairly easy to find the rooms, navigate and interact within 
the plant, and the experience was realistic. Importantly, user acceptance was high: VR 
was seen as superior to the more traditional observational training, and also a more fun 
way to learn. The operators reported that they were able to treat the virtual plant as if it 
was a real environment and suggested that the virtual plant could be used to train field 
operators.  

In one study, teamwork and collaboration between the control room and field operators 
was supported by allowing the operators to view each other's fields-of-view, actions and 
location, termed as “remote monitoring” (by means of head cameras or by means of VR; 
Skjerve et al., 2009). Even though this opportunity was seen as potentially useful, also is-
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sues of personal integrity and trust were raised. Both the control room and field opera-
tors felt uncomfortable with remote monitoring. The control room operators felt that 
that they could trust the field operators and that they did not feel the need to check on 
what the field operators were doing. The field operators, on the other hand, felt that the 
control room operators might be inclined to overly control or take over their work. Par-
ticularly disturbing was the fact the operators were not informed when they were moni-
tored, and both operators felt as if they were secretly spying on them. It was suggested 
that the operators should have an option when they would request for and give permis-
sions to share their views. On the other hand, the possibility for remote monitoring of 
view and location was seen as an important feature for safety, and the operators stated 
that in emergency situations there should be a possibility to see for instance the location 
of the field operator. (Skjerve et al., 2009).  

 

 

 

Figure 5. Example of virtual training using a VR headset and controllers (Linde Engineering). 
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6 EFFECTIVENESS OF VIRTUAL TRAINING 

The evaluation of training results is tied closely with the training needs, and for different 
tasks different training methods are most beneficial. Burkolter et al., (2010) examined the 
effectiveness of three types of training on performance in both novel and familiar fault 
states in simulated process control tasks. The training approaches were emphasis shift 
training (EST), EST combined with situation awareness training (EST/SA), and drill and 
practice (D&P). The EST has been originally developed for learning complex tasks in avia-
tion, SA training has been developed for complex tasks in aviation and police forces, 
whereas the D&P training has been developed for learning non-dynamic, motor tasks. 
Consequently, the goals and the focus of the training approaches varied. As expected, it 
was found that the D&P led to superior diagnostic performance on familiar system 
faults, whereas the EST/SA training supported the diagnosis of novel system faults 
(Burkolter et al., 2010). The result highlights the general principle, that the training 
method is important to select so that it best supports achieving the training goals. 

Ideally, also the time course of learning and retention, that is the schedule how the train-
ing and testing or exams are organized should be considered. Basic principle is, that 
learning improves with repetition, and retention decays over time. In the aforementioned 
study by Burkolter et al., (2020), the operators were tested on three successive 45-min 
test sessions after the training: first immediately following training, secondly two weeks 
after training and for the third time six weeks from training. Somewhat surprisingly the 
operator performance on system control decreased from the second testing session (two 
weeks after training) to the third (six weeks after training). On the other hand, diagnostic 
performance improved from the second test session to the third one (Burkolter et al., 
2020). It is possible that the training effects for the system control performance began to 
decay sometime in between the two and six weeks from training. For the diagnostic per-
formance in turn, also the testing sessions may have served as a training opportunity for 
the operators, leading to improved performance over the sessions. 

It would also be important to evaluate the long-term effects of training development of 
skills, professional expertise and work practices. However, the research reviewed here, re-
ports only immediate or short-term effects of training on performance.  

When considering VR training in process industry and particularly in NPPs, the study re-
ports can be roughly classified into two categories. Technical reports mainly describe 
training environments and their applications, as well as potential and actual use cases. 
Research reports investigate the operator performance and learning in these VR environ-
ments. The VR is understood very broadly, including immersive serious 3D games and 
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2D training, up to the most modern virtual solutions with VR headsets. The more techni-
cally oriented reports that describe the VR solutions do not formally test or quantify the 
benefits of VR and VR training. Yet, they often propose claims that the VR someway sup-
ports creating understanding on the environment presented and the processes mod-
elled in the environment. These claims are often based on non-systematic observations 
on the use situations (e.g., Meunier et al., 2018), and though they may well be valid, these 
statements should be considered as good basis for hypotheses, rather than proven ef-
fects.  

Research as well as their results on the effectiveness on VR training is rather hetero-
genous, with respect to the methods in particular, but also with regards to the results ob-
tained. This is illustrated by a very recent review by Checa and Bustillo (2020) on immer-
sive virtual reality serious games for education and training. In the 135 studies included, 
training effectiveness was mainly evaluated by questionnaires and only rarely by means 
of observation or interview. In some cases, also recorded data was used. These were 
mainly medical applications with psychophysiological recordings, and game scores in 
educational applications. From the studies included in the review, 29% demonstrated en-
hanced learning in VR as compared to other forms of training, 21% indicated positive 
prospects, and 36% indicated learning potential even though there was no comparison 
to any other learning method. None of the studies found VR training equal to other 
forms of training. 5% of the studies included found VR not acceptable to improve train-
ing, and in 9% of the studies skill improvement was not measured. Of those studies with 
negative outcomes, two studies from the educational field demonstrated lower learning 
rates in VR as compared with traditional methods, but higher engagement, motivation 
and interest amongst students. In the other studies, the lower learning results in VR were 
attributed to the inexperience of the participants in the use of the HMD (head-mounted 
displays). All in all, Checa and Bustillo (2020) conclude that majority of studies support 
the notion that VR serious games are a suitable tool for training.  

In the following, methods for evaluation of nuclear power plant operator and crew per-
formance in general and specifically in VR environment are presented. Thereafter, studies 
comparing the effectiveness, (i.e., their impact on operator performance) of VR and con-
ventional training methods, are reviewed. 

6.1 Methods for operator performance evaluation 
As already stated, successful training is tied to training goals. The training goal can be 
maintaining a desired level of operational capabilities by repeated rehearsals or learning 
new skills and practices. Practical training can also be used for evaluating work processes, 
user interfaces or operational procedures. The effectiveness of training is further related 
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to operator performance and potential changes in the level of performance. Hence, op-
erator training can be considered successful when the training goals that are related to 
operator or crew performance are achieved. This chapter describes the methods that 
have been commonly used to evaluate performance in the context of operator training. 

Performance can be evaluated on individual level, on crew level or by considering spe-
cific dyads such as collaboration between CRO and FO. Also, the methods differ with re-
spect to their disruptiveness and required effort, that is, how interfering they are for the 
actual work performance and how much participation they require from the persons in-
volved. Many, though not all of the traditional measures of performance evaluation can 
be applied to VR environments, but the VR environments offer also new possibilities by 
means of detailed performance logs including exact timing and recording of actions and 
communications that can be subjected to subsequent analyses after the sessions. The 
most advanced VR solutions allow also tracking of operator’s gaze, providing infor-
mation, for instance on operators’ cognitive strategies, and use of instructions, indicators, 
panels and tools. However, these solutions have been launched quite recently, and 
therefore studies on applying these solutions on operator training are still lacking.  

Measures for performance time: Performance time can be measured for certain reac-
tions in the scenario, or as total time to complete the task or a subtask. For instance, di-
agnostic time can be defined from the onset of scenario to the consensus of the diagno-
sis (She & Li, 2017). Also, reaction times to alarms can be measured from the appearance 
of the alarm to the participant’s confirmation of the alarm (Wu, Yuan, Li, Song, & Sang, 
2016). While it is easy to accept that an alarm should be detected quickly, and that the 
sooner the correct diagnosis is made the better it is, the relationship between the total 
performance time for resolving the scenario and the quality of performance may not al-
ways be so straightforward. Not all tasks have equal demands for fast reactions, and 
sometimes speed can compromise accuracy. In safety critical work, and in nuclear power 
plants in particular, the operator must take a conservative approach avoiding overly fast, 
potentially unnecessary reactions. 

Desired and undesired actions: The operator performance can be scored on the basis 
of desired or undesired actions. Typically, the most relevant desired actions, called as key 
points or key point indicators are defined by experts before the scenarios are run (see, 
for instance, She & Li, 2017). The operator or crew performance is then scored as the 
sum of the key points that were successfully completed. Similarly, the accuracy of perfor-
mance can be determined beforehand, and then categorized on a certain scale (on a 
scale from 1 to 4 in She & Li, 2017). 

On the other hand, when the scenarios and also operator actions are computerized and 
digitally logged, one can obtain very detailed and/or complex performance indicators by 
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statistical calculations that are performed after the training sessions. For instance, Co-
lombo and Golzio, 2016) defined the key point indicators (KPIs) on the basis of earlier ex-
perience, and then used the KPIs to assess the operator performance after training. Quite 
similarly, Nazier et al., (2015) obtained, from automated logs, indicators for operator per-
formance such as identification and reporting of certain incident events (leakage or fire), 
identifying certain key objects (correct valves and levers), end extent of damage (pool di-
ameter when leakage, or flame height when fire), total time, and information on commu-
nication (repetition of voice messages). From these, Distributed Awareness Indicators 
were derived.  

From the undesired actions, various errors, deviations and unsafe acts (UAs) can be con-
sidered. A deviation from a predefined procedure is typically considered as an error. 
However, an experienced operator may intentionally deviate from the procedure, and 
the deviation is not always unsafe. Therefore, according to Kim et al., (2020) the devia-
tions and operational errors should be valued with respect to their outcome, focusing on 
unsafe acts, that are errors that have the potential to negatively affect NPP safety. In this, 
study (Kim et al., 2020) operator behavior in terms of UAs was observed and analyzed 
from the simulator logs and video recordings. Team performance, as indicated by UAs 
was evaluated as the number of UAs in proportion to the number of procedural steps. 

Plant performance measures: Performance can also be measured in relation to plant 
processes and operational limits. For instance, performance can be evaluated on the ba-
sis of how well the operational limits were met and/or how large the operational margins 
were in relation to technical specifications during the trained scenario or how much or 
how long they were exceeded during the scenario. 

Expert evaluations of performance: Operator or team performance can also be de-
rived from experts’ evaluations. In a study by Soós and Juhász (2010) the operator in-
structors evaluated the performance both at individual and collective levels. The individ-
ual performance was evaluated with respect to the accomplished role-related tasks, us-
ing a scale ranging from 1 (poor) to 3 (excellent). The team performance was evaluated 
as the team’s effectiveness during different phases of the scenario using the same scale. 
The expert evaluations can be used as such, or as composite scores, or to derive perfor-
mance categories. For instance, in the aforementioned study (Soós and Juhász, 2010) 
four team performance categories were further derived from the expert evaluations. In 
category 1, “excellent team”, the whole team performance was evaluated as excellent, 
through all the phases of the training. In category 2, “medium team”, the team perfor-
mance was continuously evaluated as medium. In category 3, “unbalanced team”, the 
team performance was varying from excellent to poor depending on the phase of the 
scenario. And finally, in category 4, “poor team”, the team performance was evaluated 
steadily as poor throughout the scenario. 



 Virtual-reality based nuclear power plant field operator training 
 

34 

 

Operator evaluations of performance. A majority of studies reviewed employed inter-
views to collect information on operators views on their own or their crew’s performance 
(e.g., Nystad & Strand, 2006a; Skjerve et al., 2009). In addition to interviews, operators 
can be asked to evaluate their performance with either tailored or general standardized 
questionnaires. One widely used general measure for self-evaluated workload and per-
formance is NASA Task Load Index (Hart & Staveland, 1988). However, none of the stud-
ies reviewed here employed it, even though it has been in use in NPP research. For in-
stance, Skjerve and Bye (2011) reviewed simulator-based studies in Halden from a 25 
year period, and report several studies, in which NASA-TLX was used, but these studies 
were not related to VR training. It is possible, that in the early phase of research more ex-
plorative interview methods are preferred over the highly structured questionnaires. An 
added benefit of the operator evaluations in addition to obtaining information on the 
performance, is also its potentially enhancing effect of learning through reflection (Win-
kel et al., 2017).  

Situational awareness measures: Situation awareness (SA) can be assessed either dur-
ing or after the trained scenarios. Also, both mutual (awareness of other’s activities, in-
tentions and beliefs) and individual SA (awareness of one’s own operational state and ac-
tivities) can be measured. Most commonly, situational awareness is examined by using 
questionnaires or interviews. For instance, She and Li (2017) applied the situation aware-
ness global assessment technique (SAGAT, Endsley, 1988) to estimate both mutual and 
individual SA during various incident scenarios. The SAGAT queries were developed 
based on detailed analyses of the operators’ SA requirements in each scenario. The sce-
narios were paused unexpectedly, and the operators were required to respond to the 
queries without the user interfaces. The mutual awareness questions were presented first 
and then followed by individual awareness questions. After the questionnaire, the sce-
nario went on from where it paused. The participant’s score was obtained by comparing 
his response to what really happened in the system (She and Li, 2017). Situation aware-
ness can also be estimated from performance indicators. For instance, Nazir et al., (2015) 
recorded the actions of the operators during a simulated 3D accident scenario, and cal-
culated most important performance indicators, termed as Distributed Awareness Indica-
tors (above). 

Communication measures: Communication can be evaluated based on frequency, tim-
ing, direction and content. For instance, Soós and Juhász (2010) analyzed the frequency 
of communication in 16 NPP operator teams in a simulation environment. They classified 
the communication with respect to following dimensions: information collecting ques-
tions (open/closed formation), information providing (past/present/future), and affirma-
tion (simple affirmation/affirmation with information). They also evaluated turn taking in 
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communication and whether the communication was related to the task or not. The fre-
quency of these different types of communication was then analyzed in relation to ex-
pert evaluation of team performance. The results indicated that good or excellent team 
performance was related to focusing on providing information on the present situation, 
frequent use of simple affirmations, and smooth, coherent team conversation. 

Kim et al., (2020) focused on the direction of communication and classified it to three 
categories 1-way, 2-way, and 3-way between operators. In 1-way communication there 
is merely a single statement, without a reply from other operators. In 2-way communica-
tion there is an operator’s reply to an initial statement. And in a 3-way communication 
there is also an acknowledgement and confirmation of the reply. Team performance, as 
evaluated by number of unsafe acts, was related to communication quality. Frequency of 
high level, 3-way communication was associated with better team performance (Kim et 
al., 2020). 

Automated approaches: Performance can be evaluated from simulator’s logs by inves-
tigating actions, action sequences and performance times. As the log files contain large 
amounts of information in a well-defined form, the processing of logs can be automated. 
In an earlier solution, Lee et al. (2000) developed an algorithm, termed as task evaluation 
algorithm (TEA), to analyze and evaluate the operators’ training results automatically af-
ter their training session on a PC. The algorithm evaluated performance from two per-
spectives: whether the operator followed the correct operating sequence, and whether 
the operator deviated from the standard operating procedure. Once the training session 
was finished, output scores on both evaluated aspects individually, and a total score were 
presented to the trainer and the trainee. Similar use of recorded actions from simulator 
logs are also reported in studies by Manca et al. (2012) and Colombo (2014). 

In addition to performance scores, one can evaluate team processes from the log data. 
In a more recent study by Hagemann and Kluge (2017), simulator log information was 
analyzed from 58 two-person teams and four kinds of team processes were identified: 
transition, action, interpersonal and learning. However, no relationship was found be-
tween these processes and actual team performance as evaluated by percentage of pre-
vented incidents (fires in this case)
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6.2 Comparisons between virtual and other types of training 
There are a few studies with systematic efforts to compare the effectiveness and benefits 
of virtual training with the more traditional forms of operator training. They involve 
maintenance tasks such as tank and power line maintenance, as well as accident and in-
cident scenarios, such as leakage of hazardous agents or a fire. Also, effectiveness of dif-
ferent training methods for presenting radiation in the context of maintenance work has 
been compared. These studies are discussed in more detail in the following.  

Ganier et al., (2014) evaluated the procedural learning transfer from virtual environment 
to a real situation. They compared the performance in a tank maintenance procedure af-
ter conventional training with a real tank suspension preparation station, after a 2D vir-
tual training on a PC, and after no-training, where the procedure was carried out directly 
on the basis of the ‘job instructions’. Both trained groups performed better than the no-
training group. There was no difference between the VR and the conventional training 
methods’ effectiveness with respect to the time taken to complete the actual procedure, 
time spent consulting job instructions, or the instructor involvement and guidance dur-
ing the procedure. Taken together, the conventional and the virtual training led to a very 
similar level of performance in the execution of the procedure in a real situation, and 
suggest a high level of learning transfer from virtual environment to a real situation. 

Garcia et al., examined the effectiveness of a desktop virtual learning environment for 
power line maintenance work. The 24 participants were divided into two groups. The first 
group received conventional class-room training followed by a field training, while the 
second group received non-immersive virtual training on desk top PCs, also followed by 
the field training. The performance of the two groups were examined by both a theoreti-
cal examination (25 questions) and a field test in which they performed the maintenance 
task that they had been trained for. The group that received virtual training got a score 
of 81 % in the theoretical evaluation and 84 % in the practical evaluation as compared to 
the 72 % and 70% % for the conventional group. Thus, those who had received virtual 
training appeared to perform better, even though no statistical comparisons were made. 
Notably, both groups performed well as the lowest score for passing the examination 
was 60%. On the other hand, the field training that followed the virtual and classroom 
training may have undermined the differences between groups. 

Also, Nazir et al. 2013, compared conventional training with Powerpoint slides to a train-
ing that was given in a 3D virtual theater, including stereoscopic vision (3D glasses), spa-
tialized sounds, and augmented reality. After training, an accident scenario involving a 
fire at a refinery was presented on screen and the participants played the role of a field 
operator. According to the performance analysis those who had received virtual training 
performed better in comparison to the those who received conventional Powerpoint 
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training. For instance, those who received virtual training identified an important valve 
more numerable times than those with Power point training. Yet, no statistical compari-
sons were made in this study, and it remained unclear which of the differences reported 
were significant.  However, a more detailed comparison, examining the distributed situa-
tional awareness of the industrial operators (Nazir et al., 2015) utilizing the data from the 
same experiment, indicated that the group that had received 3D training was signifi-
cantly faster in resolving the situation than the group who received Powerpoint training. 
In this scenario, performance time was particularly relevant, as the amount of flammable 
liquid that pools on the ground is directly related to the intensity and persistency of the 
fire and thus on the damage to the facility. A third report from the same experiment (Co-
lombo et al., 2016) showed that also the amount of assistance, as indicated by the num-
ber of hints they required to resolve the situation was statistically lower in the 3D training 
group as compared to the conventional Powerpoint training group. It should however 
be noted that the participants were students, and not expert operators and this may also 
have affected the results. 

Moreover, the content of the immersive training and how it is organized seems to have a 
crucial effect on learning outcome. Nazir et al. (2015) compared the effectiveness of two 
types of immersive training methods for learning a maintenance task for process indus-
try. In the first group 12 volunteer students observed a trainer explaining and performing 
the procedure, whereas in the second group the students performed singularly and per-
sonally the procedure through a so-called guided tour. When the groups were tested for 
the procedure in the virtual environment, the group that observed the trainer showed 
superior performance in comparison to the group that personally performed the opera-
tions. For instance, the observer group made fewer errors and required less help. The au-
thors concluded that the immersive virtual environments are not effective per se but 
need guidance by a competent trainer when the task is unfamiliar. The comparison is 
however limited for two reasons. First, the training for the observer group took longer 
(40 min. vs 30 min.). And second, the trainers’ explanations and performance of the task 
was more slowly paced and may have also been more detailed than the automated in-
structions received by the students who personally performed the procedure during 
training. The difference between learning outcome between the groups may thus not 
have arisen from the observation vs. performing difference, but rather from the good-
ness of the instructions given. 

There is also some evidence that within VR, a more active approach to training may im-
prove learning. In their technical report, Nystad et al., (2002; only abstract public) com-
pared operator performance after three types of radiation distribution training for the 
Halden Boiling Water Reactor (HBWR) hall. Of the two VR trainings, with VR model of the 
reactor hall and radiation maps one included a passive guided condition (the users were 
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shown the path they would need to learn) and the other an active non-guided condition 
(users explored the area freely).  Also a third, non-VR training, including a paper map of 
the reactor hall and the radiation distribution was employed for comparison. All partici-
pants were instructed to learn the radiation layout and practice walking along a route in 
the reactor hall. When the participants performed the learned tasks in the radiation hall 
after training, and the radiation awareness, presence, usability, and objective perfor-
mance measures were compared, the active non-guided VR training resulted in im-
proved learning as compared with the other two learning methods. Furthermore, (Sebok, 
Nystad, & Drøivoldsmo, 2002) the performance in the guided VR condition was poorer 
than in the paper map condition. The authors concluded that the VR training can be use-
ful, particularly when an active approach is applied. From a wider perspective, they state 
that the VR technology does not guarantee improved learning as such. An effective 
learning outcome is achieved with an insightfully designed training system that can be 
supported by VR technology.  

All in all, the studies reviewed here, provide moderate evidence on the benefits of VR 
training in comparison to more traditional training approaches. They also emphasized 
the importance of organizing the training in a way that it is aligned with the training 
goals, and the tasks to be performed. 
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7 DISCUSSION 

Here, we reviewed different virtual training solutions, and evaluated their effectiveness 
and future potential in nuclear power plant field operator training. Due to the scarcity of 
NPP studies, we extended the scope of our review to include virtual training solutions for 
maintenance training and operator crew collaboration in process industry, mainly in the 
fields of chemical and petrochemical industry.  

The technical solutions on how the virtual training is implemented vary considerably, 
from task or process visualizations on a PC screen to immersive virtual environments ex-
perienced with head mounted displays (HMDs). The virtual technologies as such, and the 
training applications that are specifically designed for field operator training, are still in 
their infancy. This means that these solutions, apart from process simulators, are not 
widely and routinely used as a part of operator training in NPPs and therefore proven ev-
idence on their usefulness is rather scarce. 

The benefits of VR, which are, immersion, sense of presence, physical and psychological 
fidelity, as well as possibilities for collaboration over distance can offer also increased 
learning affordances and therefore improved learning outcomes as compared to tradi-
tional training methods. One of the main motivations for employing VR in operator 
training is, that it provides access to phenomena and situations that are otherwise not 
available (Jensen, L., & Konradsen, F., 2018): Abstract entities can be transformed to con-
crete ones, and infeasible activities can become feasible. In an immersive VR environ-
ment, the trainee is able to do things instead of passively observing other peoples’ activi-
ties. Greater realism can also be introduced to training of collaboration with remote sites 
that are infeasible in reality, when the trainees can enter a virtual version of these sites. In 
addition, training by doing approach may promote skill acquisition indirectly by increas-
ing commitment and motivation.  

The VR training solutions for NPP field operators (FOPs) can be roughly divided into four 
categories on the basis of their training goals: 1) fault, accident and incident manage-
ment in collaboration with MCR operators 2) complex assembly and maintenance work, 
and work planning, 3) hazard detection and radiation optimizing training and 4) overall 
safety training. Training of fault, accident and incident management concerns mainly 
control room operators, but increasing interest has been seen for including also field op-
erators in these training scenarios. VR is particularly suitable for this, as it allows efficient 
and realistic simulation of work sites and tasks also outside the control room. VR allows 
also efficient and realistic training for collaboration and communication between the 
MCR operators and the FOPs. Maintenance training and radiation visualization concerns 
more heavily FOPs. In maintenance training selected assembly or maintenance routines 
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are rehearsed but sometimes also planned in a matching 3-dimensional virtual environ-
ment. Overall safety training includes work in high or contained work sites, and has a 
large number of applications also on other process industries as well as in construction. 

According to the literature reviewed here, there seems to be promising potential in the 
use of VR technology for field operator training and for training of collaboration be-
tween FOPs and the MCR operators. Similarly, to VR training approaches in other profes-
sions, such as in construction (Gao et al., 2019) and education (Jensen & Konradsen, 
2018) the immersive environments are experienced mainly positive, supporting motiva-
tion and engagement. In training of medical professionals, however the user satisfaction 
is more mixed (Kyaw et al., 2019), as for instance, the haptic experience is important for 
surgical training, but density and palpable properties of tissues are difficult to simulate in 
VR environment (e.g., Li et al., 2017). When it comes to learning outcomes, the results are 
less consistent and not yet systematically studied. The majority of the studies concerning 
field operator training shows clear learning effects as compared to before training or no 
training. When VR training is compared to traditional methods of training the evidence 
suggests some advantage for VR solutions over traditional forms of training. Yet, in at 
least one case (Nazir et al., 2015), the number of detailed instructions and the time spent 
on instructing the trainee were higher in the VR condition, and the improved learning re-
sult may thus be attributable to the quality of the training than the VR solution it was im-
plemented with. On the other hand, some studies (Nystad et al., 2002; Sebok et al., 2002) 
have indicated, that also within the VR training, it is of crucial importance how the train-
ing is organized and aligned with the training goals. In one study on radiation visualiza-
tion (Sebok et al., 2002) a passive approach to learning (mere viewing without taking any 
action) in VR lead to poorer learning outcome, than the traditional training and an active 
approach in VR. 

When considering how the learning in VR should be implemented now, and in the fu-
ture, it is clear that it must be tied to the task and the learning goals. The learning goals 
should be carefully considered and determined, and the training tasks should be de-
signed to promote the development of desired skills. Also, within the VR training, the 
level of guidance and participation affect learning. When a maintenance task was unfa-
miliar to the trainee, increased guidance from an experienced trainer improved perfor-
mance (Nazir et al. 2015). On the other hand, in a radiation distribution training, a non-
guided active participation from the trainee improved learning as compared to a passive 
or guided training (Sebok, Nystad, & Drøivoldsmo, 2002). The optimal levels of expert 
guidance and participation depend on the task novelty, difficulty and contents, and 
therefore general recommendations are difficult to make. 

Also, fidelity, authenticity, and technical capabilities such as resolution and support for 
communication affect user experience and learning outcome. Higher fidelity promotes 
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immersion to a certain point, but one should avoid excessive clutter and presenting un-
necessary details. Collision protection is often not needed, and the possibility to walk 
through objects may simplify navigation and free resources to main functions. On the 
other hand, high resolution is necessary, if operators have to read procedures or recog-
nize small items from a distance. As the VR solutions typically do not convey facial ex-
pressions and body postures, communication needs to be supported by communication 
protocols and technical solutions such as mutual awareness kits. In order to support 
transfer to real work environments, the relevant indicators, production processes and 
work tasks that are to be learned need to be modelled in the VR similarly as they func-
tion in the real environment. Authenticity of VR environments may promote trainee mo-
tivation. Authentic VR environments represent some basic truth about the real thing, 
their level of detail is appropriate for the purpose; they are well integrated with the envi-
ronment, and well-coordinated with other material; they are internally consistent and 
consistent with their purpose (Jacobson, 2017).  

It appears, however, that at the moment, the possibilities of VR training are not used to 
their full potential. One of the reasons is in the developing technological maturity and 
another in the scarcity of readily available training solutions. In the first phase of develop-
ment, it is easier and more rationale to develop training scenarios that have proven use-
ful and functional in existing, physical training simulators, creating solutions that are di-
rectly analogous to the ones already used. In the later phases, when for instance factors 
that on the other hand hinder and on the other hand support transfer of learning in VR 
are well known, it becomes conceivable to create solutions that are unique for training in 
VR environment. For instance, in the current VR training applications, an operator takes a 
procedure in his/her hand and reads it similarly to a paper procedure in a conventional 
physical training simulator (Bergroth et al., 2018; Laarni et al., 2020). In VR this has proven 
cumbersome, as the procedure needs to be large enough to read, thus limiting the field 
of view outside the procedure, for instance obscuring important operating panels. Also, it 
was noted that switching between the procedure and the simulator view was cumber-
some. In the future, a different, VR-specific solution is likely to arise. The solution may be 
dissimilar to a paper procedure. For instance, the procedure could be somewhat trans-
parent or presented as a list or a menu in part of the visual field. Irrespective of the exact 
solution, it should be created in a way that it supports the task at hand similarly to the 
paper procedure, not limiting field of view, yet ensuring good learning transfer to actual 
work situation, which still is carried out with a paper procedure. 

Explanations for the slow progress in using VR training in NPPs and field operator train-
ing can be searched also from regulation and legislation. A certain amount of operator 
training is required to take place at validated training simulators. In order to replace 
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training in those, the VR simulators need to mature enough. However, training in vali-
dated simulators could be complemented with additional VR training, though this may 
be perceived as an additional expenditure. The investments in new VR learning solutions 
should bring significant benefits to the companies to take place. From the regulators’ 
perspective, the nuclear power companies should keep up with the technological devel-
opment and actively put new safety-enhancing solutions into action. 

 
Taken together, VR solutions seem promising as they provide convenient, inspiring and 
when carefully designed and aligned with the training goals, effective means for NPP 
field operator training. Yet, VR has not fulfilled all the expectations placed on it, and the 
progress, at least up until now has been quite slow. While it must be acknowledged that 
it is not straightforward to take the risk and invest in VR technology (Bonetti et al., 2018), 
in some other domains (e.g., entertainment industry) progress has been much faster. In 
order to develop VR training solutions for nuclear power plant operator training, close 
cooperation between different disciplines such as operator trainers, and software engi-
neers is needed. Early adopters of new technologies, such as VR, are perceived as inno-
vative, but it may be only a matter of time when “new VR training solutions” become an 
“everyday” experience. 
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8 CONCLUSIONS 

This research report reviewed research on VR solutions for field operator training in nu-
clear power plants. In addition, the review was extended to include some studies on VR 
field operator training in other related industries as well as for other purposes such as in 
construction and medicine. The majority of the solutions were targeted for safety train-
ing such as for tight and confined places, and hazard detection and radiation optimiza-
tion. In addition, training solutions were developed to support control room and field 
operator collaboration in simulation training for incident and accident management, as 
well as for practicing and planning of complex demanding maintenance work. It was 
found that VR training can offer feasible and effective means for field operator training, 
particularly when the training is designed to meet the training goals. In addition, to en-
sure pleasurable and effective learning, the VR environment should be equipped with 
sufficient (but not too many) detail and functionality, matching to the actual plant func-
tionality. Importantly, the amount of support and guidance from the trainer should be 
adjusted on the basis of trainee experience and contents of the learning task. Even 
though the VR solutions for entertainment industry and consumer market have become 
more and more in common, there is plenty of room for development in the fields of ed-
ucation and training. In the future with the technological maturation and increasing 
availability of training solutions, VR training may become more and more common in 
field operator training in nuclear domain.  

Figure 6. Virtual reality training (Proforma). 
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