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Abstract  10 

Immersive technologies aim to improve crucial process and safety training by increasing motivation, 11 

engagement and skills development. A Systematic Literature Review (SLR) was performed to identify 12 

immersive technologies applications that have been published in the past twenty years and aimed to 13 

enhance the training and learning of operators in the process industry, with special emphasis on the 14 

chemical industry. A set of 44 articles was obtained following the PRISMA framework with backward 15 

and forward snowballing. They were examined based on type of training, industry and technology. 16 

Only very few studies (10 out of 44) reported a comparison of immersive and traditional training. Six 17 

performance indicators (time; number of: mistakes, hints and instruction repetitions; events and 18 

equipment identification) were named to evaluate the immersive experience. To allow for a consistent 19 

analysis of the quality of immersive training in future studies, an effectiveness-efficiency model from 20 

the trainee viewpoint is proposed.  21 
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1. Introduction  26 

In the process industry, operators must receive appropriate and up-to-date process and safety training, 27 

as it is an industry with a permanent characteristic: risk (Srinivasan et al., 2019). This risk could 28 

jeopardize the safety of the operators, the plant, the general population of the surrounding area and 29 

the environment, but also the quality of the product and the productivity. Besides the need for safe 30 

operation and business continuity, the process industry is also recognized by the complexity of 31 

technology (Nazir et al., 2012).  Therefore, there is a need for regular training that prepares the plant 32 

operators for their tasks. Operator training ensures business continuity and on the other hand, 33 

operator training should guarantee the safe operation of the installation and the correct response to 34 

unsafe situations. 35 

There is a need for regular training that prepares the plant operators for their tasks, provides the 36 

necessary knowledge on how to perform their work safely, and on how to respond to unexpected 37 

events and to prevent them from escalating into accidents or incidents (Brambilla and Manca, 2011; 38 

Nakai et al., 2017; Rosero et al., 2018; Sangaran and Haron, 2017). Traditional training approaches 39 

include classroom lectures, e-learning packages, hands-on training in a pilot plant, and, in some cases, 40 

computer simulations (Kluge et al., 2014). Training based on lectures sometimes does not provide an 41 

engaging and challenging experience which could decrease the effectiveness of the content 42 

internalisation (Avveduto et al., 2017; Leder et al., 2019; Tatić and Tešić, 2017).  In addition, the lack 43 

of realistic training when it comes to emergency situations is another important reason why the 44 

industry is changing the way training is conducted. The opportunity to conduct experiential learning 45 

with hazardous and abnormal situations could help operators to acquire a better understanding of the 46 

process and train for swift and adequate responses to (unsafe) process deviations and emergencies 47 

(Kluge et al., 2014). In order to better deploy inevitably limited resources for training and to direct 48 

them towards the most effective and efficient methods, it is important to understand the breadth of 49 

the training approaches in process industries, their advantages and limitations. 50 

An increasing number of research projects, based on the process industry needs, is investigating the 51 

implementation of advanced immersive technologies in training as immersive technologies allow 52 

training to be conducted online or remotely. Immersive technologies give their users “the subjective 53 

impression that they are participating in a comprehensive and realistic experience” (Dede, 2009). As 54 

previously expressed in the CHARMING Policy Brief, “there are different types of immersive learning 55 

environments and they can leverage different types of immersive technologies. These technologies 56 

differ depending on how the user interacts with the experience: for example, augmented reality (AR) 57 

technologies overlay digital elements on top of the real world, and virtual reality (VR) on the other 58 
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hand completely immerses the users in a virtual world with no parts of the real world visible” (Garcia 59 

Fracaro et al., 2021c). 60 

The research reported here was conducted in the context of the EU Horizon 2020 CHARMING project, 61 

an inter-sectoral and interdisciplinary European Training Network for Chemical Engineering Immersive 62 

Learning (https://charming-etn.eu/), which is aiming to answer, as one of its research questions, how 63 

immersive technologies can support the chemical process industry to motivate and train employees. 64 

Specifically, one of the aims is to develop learning strategies, content, and immersive technology 65 

prototypes that can enhance the learning experience, supporting the workforce training crucial to 66 

motivate and teach current and future employees (Toyoda et al., 2021). This paper will thus limit its 67 

remit to training in process industries as related areas of education at various levels are explored in 68 

detail within other areas of the project and other literature reviews.  69 

In order to develop immersive technology experiences that enhance the current training in the 70 

chemical industry, it is important to identify already implemented applications, to study their impact 71 

in the industry and to identify the conclusions of including immersive technologies for training. But, as 72 

Kumar et al. (2021) report, there is a limited number of studies that explore, among other aspects, the 73 

effectiveness and feasibility of immersive technology applied to training. That is why this paper aims 74 

to review the scientific literature on the use of immersive technologies that have been implemented 75 

and/or tested to enhance the training and learning of operators in the process industry. Immersive 76 

technologies are becoming more and more popular in society and industry, but often without proven 77 

evidence of performance. Therefore, this paper explores evidence that is published in peer-reviewed 78 

scientific literature.   79 

A Systematic Literature Review (SLR) was conducted according to PRISMA (Moher et al., 2009). First, 80 

the immersive technologies are defined within the context of the work carried out here. To facilitate 81 

the discussion and to identify the evolution and current status, the selected publications are 82 

categorized based on the technology used, the content of the training, and the industrial sector 83 

considered. This overview answers the principal question “To what extent have immersive 84 

technologies been implemented?” The second question that arises is “Are immersive technologies 85 

increasing the effectiveness and efficiency of the training of operators in the industry?”. To answer this 86 

question, effectiveness and efficiency indicators were identified from the selected papers. Based on 87 

these indicators, a novel effectiveness-efficiency model is proposed, which may serve as a baseline for 88 

future assessments of immersive technologies applied for the training of process operators.  89 



Pre-print version of Garcia Fracaro S., Glassey J., Bernaerts K., Wilk M. (2022). Immersive technologies 
for the training of operators in the process industry: A Systematic Literature Review. Computers & 
Chemical Engineering,V:160, 2022, 107691, https://doi.org/10.1016/j.compchemeng.2022.107691 

4 
 

The CHARMING project focuses on the chemical industry, but to report a broader analysis of the 90 

current state-of-the-art this Systematic Literature Review will include immersive technology training 91 

solutions reported in the process industry.  92 

The paper is structured into six sections. The SLR methodology section explains in detail how the search 93 

for relevant publications was conducted, including the search terms, the inclusion and exclusion 94 

criteria. Section 3- SLR Results presents the search results, explaining the number of papers selected. 95 

Section 4- provides an analysis of the selected publications divided into categories: immersive 96 

experience, training, and industry. In section 5- the performance indicators presented in literature are 97 

collected and a proposed model to evaluate the effectiveness and efficiency of immersive training 98 

experiences is described, considering performance indicators and training phases. Finally, section 6- 99 

reports the review conclusions and highlight future research work.  100 

2. Systematic Literature Review methodology 101 

The Systematic Literature Review (SLR) presented in this paper follows the general structure of the 102 

PRISMA framework (Moher et al., 2009), including four main phases: identification, screening, 103 

eligibility, and inclusion. In Table 1, a definition of each phase is presented.  As a result of the systematic 104 

review, included papers were identified, and a snowballing phase was performed to identify additional 105 

publications (Wohlin, 2014). The snowballing phase included a backward and forward search in Google 106 

Scholar (“Google Scholar,” 2020). For the backward snowballing, the criteria were applied to the 107 

reference list of the included papers. In the case of the forward snowballing, the search included all 108 

papers that cited the included papers. In both procedures, the search was performed on a Title & 109 

Abstract basis, followed by a full-text analysis considering the inclusion and exclusion criteria applied 110 

to the original set of publications. The general methodology workflow is presented in Figure 1.  111 

Table 1 – PRISMA phases used in systematic literature review methodology (adapted from (Moher et 112 

al., 2009)) 113 

Phases Definition 

Identification String search in various databases, general inclusion criteria, and elimination of 
duplicates. 

Screening Title and abstract evaluation based on inclusion criteria.  

Eligibility Full-text evaluation based on inclusion criteria  

Inclusion Full-text papers selected plus snowballing papers selected.  

Snowballing Identification of additional papers from the citation of selected papers during the 
first search. This phase includes a backward and forward snowballing process.   

 114 
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 115 

Figure 1.  Methodology workflow followed in the Systematic Literature Review.  116 

2.1 Formulation of the research problem 117 

Two Main Research Questions (MRQ) were formulated (Table 2). The first Main Research Question 118 

(MRQ1) aims to define the state-of-the-art of immersive technologies implementation specifically for 119 

operator training in the process industry. This will also identify the context in which process industries 120 

are using immersive technologies during the operator training and what advancements have been 121 

made. The second Main Research Question (MRQ2) attempts to find evidence of any testing of 122 

immersive technologies to ascertain if this is actually improving the training of the operators, or if the 123 

new training proved to be equally or more effective and/or efficient compared to traditional methods. 124 

This will support the development of a robust phenomenological model for the evaluation of the 125 

effectiveness and efficiency of immersive technologies applied to the training of process industry 126 

operators.   127 
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To answer these research questions three major topics were identified as crucial, thus studied as a 128 

combination: immersive experience, training content, and industry. In the category ‘immersive 129 

experience’, five main subcategories were included which represent the solutions currently used in the 130 

industry. The subcategories are Virtual Reality, Augmented Reality, 3D Immersive Training, Simulators, 131 

and Serious Games & Gamification. The reasoning behind these subcategories is explained in Section  132 

4.1.  133 

In the ‘industry’ category, the goal was to identify which specific branches of process industries are 134 

using immersive experiences for training. The following subcategories were included: chemical, 135 

nuclear, manufacturing, and other process industries. The last one is an aggregation of industries such 136 

as oil and gas, power plants, and food which were grouped into one category due to the limited number 137 

of publications. The nuclear industry is included as a subcategory due to the similarities with the 138 

chemical industries in terms of risk, process and waste management. Finally, the ‘training’ category 139 

was included to identify the content of the experiences. Two main subcategories were defined: 140 

procedure training and safety and emergency training. A summary of these classifications is presented 141 

in Figure 2. 142 

Table 2 – Research questions of Systematic Literature Review.  143 

Main Research Question (MRQ) Sub Research Question (SRQ) 

MRQ1: What is the role of immersive 
technologies/experiences in the 
training of operators in the process 
industry? 

SRQ1: Are immersive technologies used in 
daily/frequent training?  

SRQ2: What type of immersive experiences are 
being used? 

MRQ2: Are immersive technologies increasing 
the effectiveness and/ or efficiency of 
the training of operators in the 
industry? 

SRQ3: Is there any evidence of the benefits of 
using immersive technologies? 

SRQ4: How are different learning methods 
evaluated and compared?  

 144 

 145 
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146 

Figure 2. Concepts and categories considered for qualitative analysis of the included papers of the 147 

Systematic Literature Review. 148 

2.2. Execution of the search  149 

2.2.1. Search definition 150 

The search was conducted in February 2020, in two different search engines: Scopus (“Scopus - 151 

ELSEVIER,” 2020) and Web of Science (“Web of Science,” 2020). These search engines meet necessary 152 

performance requirements, i.e. data retrieval capabilities and the reproducibility of searches, to 153 

perform a systematic review (Gusenbauer and Haddaway, 2020). In addition, they are the most 154 

frequently used search engines for physical sciences and engineering - the major focus of this study. 155 

The search was conducted on a title, abstract, and keywords basis.  It is acknowledged that there have 156 

been several immersive experience developments due to the COVID-19 pandemic and there is 157 

literature published since the SLR was done that may be relevant, e.g. the work of Ko et al. (2021), but 158 

for the purposes of the structured SLR analysis, date boundaries had to be set so the work can be 159 

completed. The reader should continuously update themselves within the fast-moving area of 160 

research.  161 

The search string was constructed, including the three major concepts: immersive experience, training, 162 

and industry. A conjunctive operation was performed for those categories, while each of them includes 163 

a disjunctive combination of elements, presented in Table 3. The exact string search used in the 164 

databases is presented in Table A. ii in the Annex.  165 

Table 3 – Categories and elements included in the initial search of the Systematic Literature Review.  166 

AND 

Immersive Experience Industry Training  

OR - Immersive technology  OR - Chemical  OR - Process  
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- Virtual Reality (VR) 

- Augmented Reality (AR) 

- Cave Automatic Virtual 
Environment (CAVE) 

- Escape Room 

- Mixed Reality (MR) 

- Serious Game 

- Game-based learning 

- Pharmaceutical 

- Petrochemical 

- Nuclear 

- Process 

- Safety 

- Health, Safety & 
Environment (HSE) 

 167 

2.2.2. Inclusion and exclusion criteria  168 

Three levels of inclusion criteria were used during the selection of the relevant publications (Table A iii 169 

in the Annex). The general criteria aimed to identify studies in the English language submitted to 170 

international peer-reviewed journals during the time frame 2000 to 2020 (end of February). 171 

Conference proceedings were excluded from the SLR because it was difficult to evaluate the quality of 172 

conference proceedings. The impact and metrics of conference proceedings found during the search 173 

were not sufficient to be listed in the rankings provided by the used databases. Furthermore, it was 174 

expected that valuable concepts would be expanded into full journal publications and would be picked 175 

up in the SLR in that way.  176 

First level inclusion criteria filtered for publications that answer Main Research Question 1 (MRQ1), 177 

i.e., retained papers including workplace training, with a thematic of process or safety, applying 178 

immersive technologies in a process industry. To answer Main Research Question 2 (MRQ2), a second 179 

level of inclusion criteria was included, to focus and select publications that include an evaluation of 180 

the application in terms of performance (effectiveness or efficiency). After reviewing the results, it was 181 

decided that this inclusion criterion was not going to be a reason for immediate exclusion of the 182 

publication, but further qualitative analysis will be developed, which is presented in section 5.  183 

This Systematic Literature Review wants to identify original papers on immersive experiences and 184 

other reviews summarising examples of such reports were thus not included. For example, the review 185 

by Patle et al. (2019) presents applications, which have met the inclusion criteria and are included in 186 

their original form in our SLR, but the review itself was not included (Table A iii in the Annex).  187 

Two additional inclusion criteria were incorporated in the inclusion criteria that were originally not 188 

part of the search terms, i.e., “simulators” in the technology category and “manufacturing” in the 189 

industry category. Only simulators in the chemical industry were considered (see section 4.1.4. 190 

Simulators), and the manufacturing industry was accepted in cases where the relevance of the 191 

procedure was close to the process industry (see section 4.3).  The term “maintenance” was also not 192 
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considered in the initial search, but it was included in the inclusion criteria due to relevant examples 193 

of procedures in the process industry that had used immersive technologies for maintenance tasks.  194 

3. Results 195 

The first search step (Table 3) identified 964 publications, which were reduced to 409 after the 196 

screening for general inclusion and exclusion criteria (Table A iii in the Annex). From this set, duplicates 197 

were eliminated, giving a total of 389 publications to analyse initially. This concluded the Identification 198 

phase of the research.  199 

In the Screening phase, Title & Abstract were screened applying the First Level inclusion and exclusion 200 

criteria (Table A iii in the Annex). This analysis revealed 82 potentially eligible references, which were 201 

assessed on full-text basis to verify if they should be included in the review (Eligibility phase). After 202 

reading and applying the criteria, 23 publications were selected and included in the initially included 203 

paper category. The 23 publications were the initial group used for the snowballing procedure. This 204 

procedure included the same search and selection phases as the original search (Table 1). The resulting 205 

search included 1587 additional papers, following backward and forward snowballing. After the 206 

General and First Level inclusion criteria were evaluated, 66 papers were assessed on full-text basis, 207 

from which 21 studies were retained and included in the final collection of papers in the SLR.  208 

A total of 44 studies were included in the qualitative analysis of this Systematic Literature Review. The 209 

results of each phase of the selection process are presented in Figure 3. Some publications could have 210 

been included based on the inclusion and exclusion criteria, but as the authors of the publication were 211 

the same and no new technology, concept or evaluation was presented, it was decided to only include 212 

one of the repeated articles. In the included papers, it was observed that eleven papers were from two 213 

research groups. Eight publications were from a research group of the Polytechnic University of Milan 214 

(Brambilla and Manca, 2011, 2009; Colombo and Golzio, 2016; Manca et al., 2014, 2013; Nazir et al., 215 

2015b, 2013; Nazir and Manca, 2015). Some of these papers were the work of the VIRTHUALIS project 216 

(https://cordis.europa.eu/project/id/515831): Virtual reality and human factor applications for 217 

improving safety (2005-2010), a European Union project coordinated by this university. Three papers 218 

were authored by one research group from the Okayama University (Nakai, 2015; Nakai et al., 2014; 219 

Nakai and Suzuki, 2016). This means that 25% of the included papers belong to two research groups. 220 

This is a significant number, but there is still research diversity on the reported results to proceed to 221 

the analysis. It is also demonstrated that only a few groups focus on this domain of research. 222 

Figure 4 shows an increasing trend in the number of publications (by year of submission) in the past 223 

20 years. Taking the first eleven years (2000-2010), there are only 8 papers discussing applications of 224 

https://cordis.europa.eu/project/id/515831
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immersive technology in the process industry, but since 2011, there is a clear increase in the number 225 

of papers in internationally peer-reviewed journals, adding 36 publications. This increasing tendency 226 

was also observed and reported by Kumar (2021). However, the rather small total of 44 papers fulfilling 227 

the strict criteria of this SLR also demonstrates that there is still limited research carried out on this 228 

topic (SRQ1, Table 2). 229 

 230 

Figure 3. Result of the Systematic Literature Review according to the PRISMA methodology.  231 

 232 

Figure 4. Number of publications resulting from the SLR shown by year of submission to the journal. 233 

*The Year 2020 is only considered partially due to the date of the search (February 2020). 234 
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4. Analysis according to immersive technology, training content, and 235 

industry. 236 

The 44 included papers are categorized in the following subsection according to the immersive 237 

technology used, the training content of the experiences and the industry in which the solution was 238 

applied, as presented in Figure 2. The cross-reference by technology and industry is presented in Table 239 

A. i in the Annex to facilitate the retrieval of the references to the reader.  240 

 241 

4.1. Trends in immersive experience and technologies 242 

Training in the process industry is changing, adapting to the new Industry 4.0 era (Wilk et al., 2020). 243 

Digitalization of the workplace is a trending topic that is impacting different aspects of the industry, 244 

i.e. digitalizing data during manufacturing operations (Klei, 2017). One of those main aspects is 245 

training, which underwent a transformation in the past twenty years, with the introduction of e-246 

learning (Akansha, n.d.).  This example could be considered the standard type of training now, but 247 

would have been a revolutionary concept not too many years ago. Reduction in cost, easier availability, 248 

and technological progress, among others, indicate that digitalisation is enabling more wide-spread 249 

inclusion of immersive technologies for training of employees (Manca et al., 2014; Nazir and Manca, 250 

2015; Zewei et al., 2011). In their VR review, Kumar et al. (2021) reported that VR has completed a 251 

“phase of technology adaptation and shows good potential as a training tool” in a professional 252 

environment.  253 

In this Systematic Literature Review, five categories of immersive technologies can be identified (SRQ2, 254 

Table 2): 3D Immersive Training, Virtual Reality (VR), Augmented Reality (AR), Simulators, and Serious 255 

Games & Gamification. The first three immersive technologies categories are leading in terms of 256 

number of publications, i.e., in order of prevalence 3D Immersive training, Virtual Reality, and 257 

Augmented Reality (Figure 5).  258 

One main and common objective of immersive experience is that the acquired knowledge or skills 259 

easily transfer to real plants and equipment (Gallegos-Nieto et al., 2017), and therefore help with the 260 

reduction of human errors that can develop into industrial accidents (Nazir et al., 2015b). Immersive 261 

technologies allow the trainees to practice tasks safely in a virtual environment which in the real world 262 

would be too dangerous, not possible to perform, too expensive to organize, or not reproducible 263 

(Gallegos-Nieto et al., 2017; Mól et al., 2009; Nakai, 2015). They also enable the understanding of 264 

equipment and processes, setting the point of view from inside the equipment or adding animations, 265 

which could help to visualize danger and safety zones (Szke et al., 2015).   266 
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 267 

Figure 5. Five immersive technology categories with the number of papers in each category indicated 268 

in the pie chart and the percentage in the legend (a total of 44  papers were included in SLR). Table A. 269 

i gives the paper references per immersive experience category.  270 

4.1.1. 3D Immersive training 271 

The category 3D immersive training is introduced in this SLR to group all developments which create a 272 

3D representation of an environment or situation within which certain tasks can be executed. 3D 273 

visualisations and simulations were the early developments of virtual reality, and therefore, the 274 

terminology of virtual reality (or alike) is often adopted in these papers, i.e. “3D virtual environment” 275 

(Manca et al., 2013; Nazir et al., 2015b, 2013), “3D immersive display”   (Fillatreau et al., 2013), “virtual 276 

environment” (Mól et al., 2009), “virtual system” (Sun and Tsai, 2012), “virtual simulation platform” 277 

(Zewei et al., 2011), “immersive virtual environment” (Nazir and Manca, 2015), “virtual reality studio” 278 

(Gallegos-Nieto et al., 2017), and “VR environment” (Nakai, 2015; Nakai et al., 2014). Clearly, the 279 

terminology used to name the technologies was not completely defined at the time, and there is a 280 

great diversity of names that the authors chose to name the technology used. Most of these concepts 281 

appeared in publications between the years 2011 and 2016. However, nowadays virtual reality refers 282 

to the technology where the user is wearing a head-mounted display and uses controllers to perform 283 

tasks (see Section 4.1.2. Virtual Reality).  284 

The 3D representation of a location and situation can be visualized (within increasing levels of 285 

immersiveness) on a computer screen, on a Powerwall or in a Cave Automatic Virtual Environment 286 
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(CAVE)(de Back et al., 2020). CAVE technology was not retrieved in any of the SLR papers (Table A iii in 287 

the Annex). Only three studies reported a virtual experience on a computer size screen (Norton et al., 288 

2008; Ródenas et al., 2004; Zewei et al., 2011). One main technology, namely Powerwall, was used in 289 

most of these 3D immersive training. The Powerwall can be built in different ways and depending on 290 

the year in which the research was conducted the technology varied. For example, in some cases, the 291 

methodology to project the experience is modified to allow the user to move and get close to the 292 

screen, without blocking the projection (Mól et al., 2009). Other cases use a big screen or a large scale 293 

display that reproduces the information, some use projections on the wall (for example a stereoscopic 294 

projection by two polarized projectors (Skripcak et al., 2013)), and some use a stereo screen with video 295 

projectors (Fillatreau et al., 2013). Most cases have in common the use of 3D glasses adapted for 296 

passive or polarized visualization (Mól et al., 2009). Some of them included also 3D spatialized audio 297 

features for a higher level of immersion (Nazir et al., 2013).  298 

Early 3D immersive training experiences provided opportunities to explore the plant with 360° 299 

spherical images, and to perform procedures by “mimicking” actions, such as opening drains or valves 300 

from a computer screen (Norton et al., 2008). Modern experiences in 3D immersive training include 301 

simulations of industrial plants, where operators are able to move around the plant to learn about the 302 

different plant sections (Manca et al., 2013; Nazir et al., 2013; Skripcak et al., 2013). These simulations 303 

allow the plant procedures to be presented with the realism of operations in the industry (Nazir and 304 

Manca, 2015). In the area of accident simulation, for example, a pipe rupture in a conventional refinery 305 

which causes the emission of a flammable liquid was reported (Nazir et al., 2015b). This represents a 306 

very important benefit, common to all immersive methodologies, as it allows the operator to 307 

experience repeatedly dangerous and non-stationary situations that are not safe to reproduce in the 308 

real chemical plant (Nakai, 2015; Nakai et al., 2014). Furthermore, several situations can be simulated 309 

to happen at the same time, creating the need to react quickly and accordingly to find the root cause 310 

and solve the problem (Manca et al., 2013).  311 

Colombo and Golzio (2016) indicated that using 3D immersive training for training in the process 312 

industry domain, trainees learned more compared with trainees that learned in a traditional lecture. 313 

Other researchers observe that training in immersive environments can enhance safety learning as 314 

operators can visualize hidden safety aspects more clearly (Nakai, 2015; Nazir and Manca, 2015) and 315 

situational awareness was obtained with higher efficiency compared with traditional training (Nakai, 316 

2015; Nazir et al., 2015b). Also, preliminary results have shown that 3D immersive training enhances 317 

the understanding and involvement of the operators (Nazir et al., 2013). One benefit of 3D immersive 318 

training, for example using Powerwalls, is that participants have more flexibility to train and discuss in 319 
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teams (Colombo and Golzio, 2016). They can visualize the same experience at the same time, create 320 

interactions, perform tasks and collaborate within a virtual representation of their workplace, a crucial 321 

skill that operators should develop (Nakai, 2015). This is a big advantage of Powerwall over Virtual 322 

Reality- head-mounted display experiences. Moreover, the SLR also showed that training 323 

environments were not only developed to train new employees but also to keep the skills of operators 324 

up to date over time (Manca et al., 2013).  325 

 326 

4.1.2. Virtual Reality 327 

Virtual Reality (VR) refers to virtual environments reproduced by using a head-mounted display (HMD) 328 

or VR headset. Most (75%) virtual reality applications were reported between 2016 and 2020, which 329 

indicates the recent development of the technology in the process industry. The virtual environments 330 

are computer-generated and create the illusion of physical presence in the virtual world (Shamsuzzoha 331 

et al., 2019). This technology has been used to create training experiences that can help to improve 332 

several aspects of training, such as location, time demand, dangerous nature, or supervision. Many of 333 

the benefits are similar to those of 3D immersive training, regarding the possibility of training in 334 

hazardous situations; but VR incorporates a higher level of immersion as the user loses the reference 335 

to real-world, creating the feeling of “being there” (Hou et al., 2017), being able to “walk” the 3D space 336 

and manipulate virtual objects (Shamsuzzoha et al., 2019). 337 

Training in the process industries currently relies heavily on one-to-one training with instructors, which 338 

is very time-consuming. One of the most innovative benefits of VR is the possibility of conducting the 339 

complete training with no physical supervision, as the trainee can be guided through the steps by 340 

instructions presented in different modalities such as audio, written, or by simulated characters (Garcia 341 

Fracaro et al., 2021a), and simultaneously receive feedback on mistakes or alerts. The operators can 342 

repeat sessions without the physical presence of the trainer. The training sessions can include 343 

dangerous situations that can be experienced from the safety of a virtual environment  (Kao et al., 344 

2011), reducing the need for expensive training centres, reducing cost and increasing the diversity of 345 

design of experiences that can be included (Soós et al., 2019). Several papers on VR training highlight 346 

that VR increases the performance, as the learning time required by the trainees can be reduced 347 

(Brough et al., 2007; Hou et al., 2017; Moltó Caracena et al., 2017; Nash et al., 2018). This can be 348 

translated into increased efficiency in training with VR (Ho et al., 2018). Moreover, it can lead to a 349 

reduced probability of user errors in the procedures during the training (Brough et al., 2007; Hou et 350 

al., 2017) and to an improvement of worker safety awareness (Nash et al., 2018).   351 
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The benefits of VR experience are numerous, but there are also some challenges that the industry 352 

needs to overcome. One of the most impactful is motion sickness (Shamsuzzoha et al., 2019). Brough 353 

et al. (2007) reported 15% of the participants did not complete the experiences due to motion sickness, 354 

but not all publications included in this literature review mention this challenge. Another challenge of 355 

VR, when compared to training in real environments, is the fact that most of the VR experiences use 356 

controllers to simulate the action of the hands, which cannot represent every hand movement (Soós 357 

et al., 2019). Being immersed with a headset also means that users are not able to see the real space 358 

around them which could lead to physical danger within the real space (e.g., trips and falls). Also, some 359 

headsets work with lighthouses and cables. To avoid accidents of walking into walls or furniture, 360 

protective virtual limits are included in the experience to alert the trainee that they are near the limits 361 

of a safe area. This means that the actual walking space of the user is reduced, but to cover the whole 362 

space of a chemical plant, for example, some features are included such as teleportation (Shamsuzzoha 363 

et al., 2019) or standing nodes in the simulation (Dewhey et al., 2020). This allows the user to virtually 364 

jump from one position to another. Some researchers have tested the combination of VR with a special 365 

treadmill, which allows the user to walk and travel in the virtual experience while staying in the same 366 

physical real position (Soós et al., 2019).  367 

In addition to those challenges, Kumar (2021) outlines three main drawbacks of virtual reality: 368 

technical skills (the need to pre-learn how to use virtual reality before learning the content); technical 369 

maintenance (the need for long-term regular hardware maintenance and software support); and 370 

technical functionality (the possible situation in which there is unavailability or failure of the device). 371 

It has been also reported, that there is a need for a re-design of the training sessions (as opposed to 372 

traditional long hours sessions) when using VR for learning and training, as it is recommended to take 373 

several frequent breaks while using VR (Kumar et al., 2021). The traditional training approaches should 374 

also be revised from this point of view, as the pedagogical literature has been emphasising the need 375 

for shorter and more engaging sessions in order to ensure effective learning (Molloy et al., 2012).  376 

Finally, depending on the type and content of training, some conditions are difficult to reproduce from 377 

the realism point of view. The sense of liquid flowing in pipes, heat, or smells are challenges in the 378 

development nowadays and can make the task harder to perform in the virtual world for the operators 379 

(Manca et al., 2013). But this is an opportunity to include features that do not exist in real life to 380 

practice learning concepts such as dispersion of radioactivity (Hagita et al., 2020), which is not visible, 381 

but within the VR, training can be modified to understand the physical concept (Dewhey et al., 2020). 382 

The development of a VR learning experience takes time and is expensive (Shamsuzzoha et al., 2019), 383 
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but it brings to the table flexibility regarding the scenarios, content, and training independence (Hagita 384 

et al., 2020; Nash et al., 2018; Soós et al., 2019).  385 

4.1.3. Augmented Reality 386 

Augmented Reality (AR) overlays virtual information with the real world (Fiorentino et al., 2014; 387 

Gimeno et al., 2013) and shows it simultaneously as a real-time interaction (Nakai and Suzuki, 2016). 388 

This functionality is the main advantage of using Augmented Reality for training (Webel et al., 2013). 389 

The digital information introduced in the training or the procedure aims to help the user perform 390 

actions safely and efficiently. For example, AR can help the understanding of a problem (Fiorentino et 391 

al., 2014), understanding what are the next steps, or providing additional relevant information (such 392 

as warnings or alerts) (Vignali et al., 2018). This information can be, for example, photos, videos, flow 393 

diagrams, instructions, voice assistance, 3D models or representations or anything that can simplify or 394 

complement the understanding. This indicates that AR training is primarily used for providing virtual 395 

guidance in the industry (Tatić and Tešić, 2017). This information can be observed with displays such 396 

as smartphones or tablets (Vignali et al., 2018) which are the most popular solutions (Fiorentino et al., 397 

2014), or head-mounted devices (Gimeno et al., 2013). In some cases, the user will “activate” the 398 

functionality by using markers or tracking systems (popular examples are the QR-codes), and in 399 

another, the software can be designed to identify the shape of equipment, for example (Vignali et al., 400 

2018). 401 

Vignali et al. (2018) showed that AR solutions resulted in an error reduction in cases where AR 402 

functionalities were added into safety training, and Gimeno et al. (2013) observed a 75% error 403 

reduction in training in sequential instructions. Reducing the number of mistakes is directly related to 404 

reducing the risk of accidents caused by operators (Nakai and Suzuki, 2016; Tatić and Tešić, 2017). 405 

Operators can also easily identify the correct equipment to use with the guidance of AR technology 406 

(Nakai and Suzuki, 2016), and reduce the amount of time needed to complete tasks (Fiorentino et al., 407 

2014). Some examples included the need for action confirmation from the user, which makes it 408 

interactive and increases the awareness of the actions performed (Tatić and Tešić, 2017).  409 

Challenges with AR training are, e.g., the time needed for the trainee to adapt to the new learning 410 

methodology (Tatić and Tešić, 2017). Particularly for AR, there is a need for wireless internet 411 

connection in the working environment to provide real-time feedback to the user (Tatić and Tešić, 412 

2017), or the feasibility of using QR codes in some section of a plant where space is reduced (Nakai 413 

and Suzuki, 2016).  414 
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 4.1.4. Simulators 415 

Simulators, commonly known as Operator Training Simulators (OTS), are software tools that use a 416 

computer-based virtual realistic representation of a real process plant and the control room for 417 

training purposes (Gerlach et al., 2016, 2015). This technology is used, and has been for many years 418 

(Kluge et al., 2014), as a tool for training in several industries such as aviation and nuclear power 419 

(Gerlach et al., 2015). In this review, neither nuclear power nor aviation industry training simulators 420 

have been included, only simulators used as a training tool in the chemical industry were included (9% 421 

of the included papers). It is important to mention that not all publications describing simulators in the 422 

chemical industry were included, as this Systematic Literature Review is aiming to address how 423 

immersive technologies have an impact on the training aspect. The included publications explored the 424 

scope of the training from the point of view of the improvements in efficiency and understanding that 425 

Simulators provide.   426 

Some features of the different Simulators presented in the research included a real-time tool for the 427 

operators to understand the time frame in which the events developed (Brambilla and Manca, 2011). 428 

However, fast-track functionalities are a useful addition to understand how, for example, initial 429 

deviations from normal conditions can quickly grow into emergencies; or to practice efficiently start-430 

up and shut down procedures, as it could allow moving forward through long transient stages more 431 

rapidly. This functionality has been included also in the other immersive experiences discussed above.  432 

Research has shown that training with Simulators is an effective method to train standard operating 433 

procedures (Gerlach et al., 2016) and that combining operator standard training with simulated 434 

accident scenarios can improve the effectiveness of the training, offering a more realistic 435 

representation of the accident event (Brambilla and Manca, 2011) introduced in normal operation 436 

training. This will lead to trainees being better prepared to solve unexpected situations (Brambilla and 437 

Manca, 2009; Lee et al., 2017). Results have shown an increase in safety awareness, and the 438 

understanding of cause-consequence dynamics of the process (Gerlach et al., 2016). Simulators 439 

provide time-efficient training of operators within a safe virtual environment, and an increase of 440 

initiative and independence of the operators when training with simulators (Gerlach et al., 2016, 2015), 441 

this was also observed in other immersive experiences created coincidentally using simulation as a 442 

technological base. This shows that training methodology is evolving, building from foundations 443 

proven to be useful.  444 

4.1.5. Serious gaming & gamification  445 

The use of immersive technologies is not the only methodology by which a training can be defined as 446 

“immersive”. Incorporating game design elements into training can stimulate the employee, and 447 
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enhance their performance and engagement (Liu et al., 2018). This “gamification” process can be 448 

added to the different experiences to motivate the participants,  such as competition and challenge 449 

elements in a manufacturing experience (Liu et al., 2018) or time limitations in emergency training 450 

simulators (Ferretti et al., 2018; Patriarca et al., 2019). In different industries, the question has been 451 

raised as to whether the gamification element in the workplace can improve job motivation. For an 452 

application in the manufacturing industry, Liu et al. (2018) developed a gamified experience to test 453 

whether job satisfaction and performance are improved. Their data indicated the implementation of 454 

gamification elements can indeed increase the satisfaction, motivation and performance of the 455 

industry employees.  456 

In some cases, gamification elements can transform the experience into a game, and as the employees 457 

play the game, they also learn the content. These experiences are called Serious Games and combine 458 

with computer-based simulators that can complement, for example, the training of employees for 459 

emergency situations (Ferretti et al., 2018). These traditional safety training solutions and procedures 460 

sometimes consist of checklists and questionnaires that the employee must follow and complete. This 461 

can include several required repetitions, that can transform the responsibility of the employee into 462 

monotonous and uninteresting obligations. Here is where researchers have found an opportunity to 463 

explore how gamification elements and serious games can provide a boost of motivation. 464 

Time constraints, as the most critical aspect in a real-life emergency, are the main gamification element 465 

included in two serious games developed for the chemical industry and an industrial plant. In the first 466 

example, researchers have developed a serious game (Patriarca et al., 2019) that takes the employee 467 

through the safety steps in a mission-like game, where the player-employee is presented with an 468 

emergency and must check the initial state of the plant, find accident locations and deal with them. 469 

The player-employee loses the game if the location of the accident is not found or if the mitigation 470 

actions are not taken within the specified time. In this 2D map simulation, simultaneous conflicting 471 

objectives are presented to the player-employee, encouraging the development of adaptive capacity 472 

and emergency response. The second example is a game for industrial plant emergency training 473 

(Ferretti et al., 2018) designed to grow experience and preparation in case of an accident. In the serious 474 

game, the player-employees have to test their capability in terms of planning, preparation of 475 

equipment and coordination of operators, improving their own emergency management abilities. 476 

Indications of improvement in decision-making abilities in emergency situations were identified. 477 

4.2. Content of training  478 

Besides the analysis of the immersive experiences and technologies, the content of the immersive 479 

experience training was evaluated using two categories: process operation training (i.e. executing of 480 
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tasks on the plant) and safety training (i.e. emergency response training). Safety or emergency training 481 

functionalities are basically an evolution of a procedure training, but the categorization shows that 482 

these features are not included in all the experiences. Almost 70% of the reported immersive training 483 

experiences for the process industry have included only procedure training applications (Figure 6). 484 

Procedure training is key to perform the complex steps of a process in the correct order [e.g., standard 485 

operating procedure of the hydrodesulfurization process (Nakai and Suzuki, 2016)], understanding the 486 

meaning of actions (Colombo and Golzio, 2016), and the possibility of practice repeatedly the training 487 

allows a standardized and validated formation of the operator (Nazir et al., 2013).  488 

Some solutions reported in the included papers presented a standard operation training, with features 489 

of emergency operations that will appear after the operator makes a mistake in the procedure (Nazir 490 

et al., 2013). Training in non-stationary conditions is crucial to prepare the operators to handle rapidly 491 

developing unexpected situations, as these conditions could evolve in accidents or incidents very 492 

quickly (Nakai, 2015). It would be ideal to have the possibility to create these situations during the 493 

training in the plant, rather than classroom training, but it is not conceivable to generate unsafe 494 

conditions in the real equipment due to its dangerous nature (Nakai, 2015). Here the use of immersive 495 

technologies takes a prominent role in the training experience of the operator in the process industry. 496 

Safety and emergency trainings in VR are reported to be a “realistic, safe and cost-effective alternative 497 

for traditional training methods”(Kumar et al., 2021). 498 

In the virtual world, it is possible to generate any kind of dangerous situations allowing the operator 499 

to experience the consequences of unsafe behaviour. Moreover, the experience could trigger 500 

psychological pressure on the operator and provide the possibility to learn how to handle these 501 

situations in those conditions (Soós et al., 2019). Also, for example, an Augmented Reality application 502 

could provide the operators with the relevant information they need during the emergency, helping 503 

them to make the required quick decisions (Nakai and Suzuki, 2016). These qualities show why there 504 

is a high motivation to include these features in virtual training sessions (Nakai, 2015). However, even 505 

though the benefits of emergency training are clear and evident, the categorization shows that this 506 

has not been explored widely, as these scenarios were included only in an approx. 32% of the reported 507 

immersive solutions. 508 
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 509 

Figure 6. Content of training of immersive experiences of 44 included papers. The number of papers in 510 

each category is stated in the chart, the percentages are shown in the legend. 511 

4.3. Distribution of immersive experiences by process industry 512 

Although the main interest of this research is the chemical industry, other industries are included due 513 

to the relevance and closeness of type of training, content, and methodological operation. All the 514 

selected publications were divided into four industrial categories: chemical, nuclear, manufacturing, 515 

and other process industries. The last one contained all the publications that presented an immersive 516 

experience solution for training but did not belong to the previous categories, for example, food 517 

(Vignali et al., 2018), refinery (Zewei et al., 2011), or simply “industrial environment” (Ferretti et al., 518 

2018; Tatić and Tešić, 2017). A specific example of this category is research that was conducted to 519 

study a VR assembly of medical devices (Ho et al., 2018), but the environment was a laboratory, with 520 

equipment present in the chemical laboratories, and the evaluation of skills that are directly 521 

extrapolated to any other chemical procedure. The number of publications by industry is presented in 522 

Figure 7. 523 

Despite the different end-products of the industries, all of them have elements in common, such as 524 

the hazardous working environment (Soós et al., 2019) and technical-functional complexity (Nazir et 525 

al., 2015a). The hazardous environments in the process industry can include risks such as high 526 

temperatures, chemical hazards, radiation, explosion, and high pressures. The possibility of training 527 

without being exposed to these risks (Soós et al., 2019) (if it can be avoided), and the possibility of 528 
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building lower-cost virtual plants (Nakai et al., 2014), led to immersive experiences gaining popularity 529 

as employee training.   530 

One of the challenges of the process industry is the training of employees to prepare them to work in 531 

the plant, without compromising safety (Soós et al., 2019). In the nuclear industry, tasks, such as 532 

maintenance or decommissioning, are highly risky (Nash et al., 2018; Soós et al., 2019). The operators 533 

need to know what to do, with no time to spare, and an accident or even a small error could be 534 

catastrophic. Considering the differences in the nature of the hazardous materials, this is also true in 535 

the chemical industry (Nakai, 2015; Nakai and Suzuki, 2016). Management of waste is another common 536 

feature in the process industry with particular importance in the nuclear industry. In this industry 537 

training with immersive technologies that avoid real radiation but include realistic radiation dose 538 

feedback is being implemented (Freitas et al., 2014; Moltó Caracena et al., 2017).  539 

In the manufacturing industry category, research in which the experiences and skills trained could be 540 

transferred to procedures in the chemical or pharmaceutical industry was included. For example, 541 

researchers studied a virtual reality application and as a case study, they used the task of assembling 542 

a pump (Yao et al., 2006). Maintenance tasks are common in the manufacturing industry and require 543 

sequential procedures and training, which are complicated and maybe risky tasks. This is also another 544 

point in common with the chemical industry. For example, when changing filters (Shamsuzzoha et al., 545 

2019), incorporating immersive technologies for training and performance of this type of task can 546 

decrease mistakes and make them more efficient (Shamsuzzoha et al., 2019).  547 
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 548 

Figure 7. Four Process Industry categories and their percentage of occurrence in the SLR. Table A. i 549 

gives the paper references per immersive experience category. 550 

 551 

5. Efficiency and effectiveness of immersive technologies    552 

Is immersive experience an effective way of training operators in the process industry? Does the 553 

applied technology influence the efficiency and effectiveness? Is the trainee able to learn and retain a 554 

procedure long-term? Does the trainee understand the principles of this procedure? Is the trainee able 555 

to perform the procedure afterwards? How many mistakes does the trainee make when performing 556 

the procedure? Are immersive experiences also efficient when it comes to the process of training? Is 557 

the training shorter compared to traditional methods? How many repetitions should the trainee 558 

perform to learn the process? These (amongst many others) are the typical questions that potential 559 

trainers/trainees have when deciding on the training approaches. Given that immersive technologies 560 

for training in the process industry have become more and more prevalent in the past twenty years 561 

(Section 3), the question if these immersive technologies are truly improving the efficiency and/or 562 

effectiveness of the training compared to traditional training (MRQ2, Table 2), needs to be answered. 563 

Therefore, Section 5.1. analyses the SLR data for reported indicators and studies on efficiency and 564 

effectiveness. Efficiency is defined as the relation of resources, e.g. time, to successfully achieved 565 

results, while effectiveness refers to “accuracy and completeness with which users achieve specified 566 
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goals”(“ISO 9241-11:2018(en), Ergonomics of human-system interaction — Part 11: Usability: 567 

Definitions and concepts,” n.d.). Based on this analysis, we propose a conceptual model for both 568 

features.  569 

 570 

5.1. Performance indicators reported in included papers of SLR  571 

Even though there is a growing tendency to use immersive experiences in training, there is limited 572 

evidence on their effectiveness and efficiency as compared to traditional methods of training (e.g. e-573 

learning, PowerPoint, etc.). Only 22.72% of the included papers (ten papers, references can be found 574 

in Figure 8) in this SLR reported measurement of indicators that provide some evidence of the 575 

effectiveness and/or efficiency for training based on immersive technologies (SRQ3, Table 2). All ten 576 

papers report some kind of quantitative comparison between immersive technology training and 577 

traditional training, but a specific standardized framework is not reported to date.  578 

The statistical analyses reported in the ten papers show a low number of participants in the 579 

comparisons, with traditional training and different version of the immersive technology in some 580 

cases: two groups of 10 participants (Hou et al., 2017; Webel et al., 2013), two groups of 14 (Fiorentino 581 

et al., 2014), three groups of 5 (Gallegos-Nieto et al., 2017), four groups 6 (Vignali et al., 2018), three 582 

groups of 10 (Ho et al., 2018), two groups of 12 (Colombo and Golzio, 2016; Nazir et al., 2015b), two 583 

groups of ~7 (Gimeno et al., 2013), one group of 29 and one of 40 (Liu et al., 2018). These numbers 584 

demonstrate that the current evidence of immersive training vs. traditional is in most cases an 585 

indication (SRQ4, Table 2). Further research must be conducted to statistically validate the efficiency 586 

and effectiveness of immersive training.   587 

Each author has chosen different indicators to evaluate. In the present SLR, we refer to them as 588 

performance indicators, as they are measurements that reflect efficiency and/or effectiveness. These 589 

performance indicators are categorised as: time, number of mistakes, number of hints, number of 590 

instruction repetitions, events identification, and equipment identification. Some of the parameters 591 

are reported in the same publications and to provide a clear view of their overlap Figure 8 is included, 592 

showing which of the ten publications reported which performance indicator.  593 

Figure 8 also shows how often these parameters were reported and evaluated in the literature. In all 594 

ten publications time was reported; in half of them a measurement of the number of mistakes was 595 

made; and the other four performance indicators (number of hints, number of instruction repetitions, 596 

events identification, and equipment identification) were only reported by two publications. Especially 597 

the last three were reported by the same two publications. Ten publications reporting performance 598 
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indicators, and comparison with traditional training for immersive training in the process industry in 599 

the past twenty years is rather limited. Taking into account that two-thirds of those performance 600 

indicators are reported by only two papers, the evidence of further research to evaluate the immersive 601 

training becomes even more obvious.  602 

The performance indicator “time” was reported in the ten publications as a key parameter. Different 603 

definitions of time were used and measured by the authors: time spent to complete the 604 

task/trial/required work pieces (Fiorentino et al., 2014; Gimeno et al., 2013; Hou et al., 2017; Liu et al., 605 

2018; Nazir et al., 2015b), total competition time (Colombo and Golzio, 2016; Vignali et al., 2018), 606 

training time (Webel et al., 2013), time to resolve the accident (Nazir et al., 2015b). Time is a 607 

reasonable simple parameter to measure, using external equipment such as chronometers (Vignali et 608 

al., 2018) or including the feature in the design of the learning experience. This parameter can provide 609 

a direct sense of the efficiency of immersive training when compared with traditional training 610 

(Fiorentino et al., 2014). In some cases, this parameter has been reported as a way of measuring the 611 

effectiveness of the immersive training, arguing that a reduction in task time after virtual training is a 612 

way of quantifying it (Gallegos-Nieto et al., 2017). However, this may be a rather misleading parameter 613 

of effectiveness measurement, given its complex relationship and various other influences upon 614 

effectiveness.  615 

 616 

 617 

Figure 8. Summary of performance indicators to measure efficiency and effectiveness and retrieved 618 

from ten papers of the Systematic Literature Review reporting a quantitative assessment of immersive-619 

technology-based training versus traditional training. Each oval represents a paper. Five performance 620 

Indicators are represented by the boxes. This illustration shows which paper reported which 621 
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performance indicators, and on the right of the figure the percentages of each reported performance 622 

indicator in the subset of ten papers are included. [1](Hou et al., 2017), [2](Fiorentino et al., 2014), 623 

[3](Vignali et al., 2018), [4](Gimeno et al., 2013), [5](Webel et al., 2013), [6](Colombo and Golzio, 624 

2016), [7](Nazir et al., 2015b), [8](Ho et al., 2018) [9](Gallegos-Nieto et al., 2017), [10](Liu et al., 2018). 625 

Note: time can have different meanings (see text) 626 

The second most reported performance indicator is the “number of mistakes” made during the 627 

execution of the tasks in the immersive training (Hou et al., 2017; Vignali et al., 2018). This number, 628 

which should be defined before the evaluation, represents a mistake in the sequence or the selection 629 

of a tool or valve (Hou et al., 2017; Vignali et al., 2018; Webel et al., 2013). The nature of the task 630 

evaluated in the five examples that report the number of mistakes is procedural. As stated, skipping 631 

one step in the sequence (in some examples consisting of 25 steps (Webel et al., 2013)) is considered 632 

a mistake, but none of the examples explored the concept of severity in the mistakes. Minor mistakes 633 

could develop into a dangerous consequence, just like a single fatal mistake can. This should be 634 

explored in-depth in future models of evaluation of immersive training sessions.  635 

The next four performance indicators were only reported by two papers (Figure 8); particularly the last 636 

three were reported by the same two papers (Colombo and Golzio, 2016; Nazir et al., 2015b), which 637 

were not written by the same authors, but the work was carried out in the same research group from 638 

the Polytechnic University of Milan. The performance indicator “number of hints” refers to the 639 

moment the trainee does not know the next step and requires help to avoid making a mistake or is 640 

unable to solve the problem and requires a hint. These two research groups considered the “number 641 

of hints” as a separate indicator, instead of counting it as a mistake. In (Colombo and Golzio, 2016), 642 

the number of helps was registered without considering errors separately, and in (Webel et al., 2013), 643 

it was registered as the number of aids and mistakes. 644 

The performance indicator “number of instruction repetitions” could be also associated with the 645 

“number of hints” indicator, but they are considered as two different categories because the number 646 

of helps can be registered during the evaluation/performance phase, while the number of instruction 647 

repetitions can be registered during the learning/instruction phase of the experience. If there is a 648 

possibility of repeating the instruction during the evaluation/performance phase it should be clear 649 

which performance indicator would be included. The need for an instruction repetition could appear 650 

when the trainee does not know what the next step is or is lost in the environment (digital or real); in 651 

order to complete the tasks, a refreshing instruction would allow the trainee to keep going.  652 
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The performance indicator “event identification” refers to the action of acknowledging and reporting 653 

events like fire or leakages, situations that can be included in emergency training (Colombo and Golzio, 654 

2016; Nazir et al., 2015b). It is closely related to the other performance indicator “equipment 655 

identification”, which has been used to evaluate the actions performed in the plant, for example, 656 

deciding and identifying which valve to open/close (Colombo and Golzio, 2016; Nazir et al., 2015b). 657 

The actions evaluated are selected based on the procedure that the trainee must perform. These last 658 

two performance indicators can complement the performance indicator “number of mistakes”, since, 659 

for example, identifying a small spillage or not can determine the final result of an abnormal situation 660 

(Colombo and Golzio, 2016).  661 

Based on the papers reporting comparative studies between immersive technologies and traditional 662 

training (Figure 8), we now want to answer the question of whether there is any evidence of the 663 

benefits of using immersive technologies (SRQ3). Several studies reported a reduction in the execution 664 

time of the task when using immersive technologies (AR (Fiorentino et al., 2014; Gimeno et al., 2013; 665 

Norton et al., 2008), 3D immersive training (Gallegos-Nieto et al., 2017)) but this is also contradicted 666 

by studies that reported no significant difference in execution time when using immersive technologies 667 

(AR (Vignali et al., 2018; Webel et al., 2013)). In (Gallegos-Nieto et al., 2017), the learning process in a 668 

3D immersive training was reported to be slower than the traditional methods. Given the contradicting 669 

results and the low number of studies, the positive effect of immersive training on the performance 670 

indicator “time” remains undetermined for now.  671 

When looking at the performance indicator “number of mistakes”, there is a consistency in reports 672 

asserting that immersive technologies (AR (Fiorentino et al., 2014; Gimeno et al., 2013; Vignali et al., 673 

2018; Webel et al., 2013)) are improving the task performance by reducing the error. In some cases, a 674 

“highly noticeable trend in error reduction” (Vignali et al., 2018) was reported, in concordance with 675 

“reduction in cumulative errors rate by more than 75%”(Gimeno et al., 2013). The recurrence of 676 

reported error reduction when training/performing tasks using AR, could imply that this immersive 677 

technology is the most promising for this objective, but the current lack of reporting data does not 678 

provide enough certainty for this conclusion. It was also reported that participants that trained with 679 

immersive technologies outperformed the traditional method trainees in the performance indicators 680 

evaluated (Colombo and Golzio, 2016). Also, an increase in motivation, satisfaction (Liu et al., 2018), 681 

and performance (Colombo and Golzio, 2016) was reported.  682 

However, it should be noted that the research reviewed was often carried out with the specific aim of 683 

introducing the new technology described in the paper and may selectively report favourable 684 

comparisons with traditional methods of training which skew the conclusions. This increases the 685 
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importance of introducing a consistent set of performance indicators that would enable unbiased 686 

comparison of various training methodologies and an objective comparison amongst studies. 687 

5.2. Formulation of a conceptual novel effectiveness and efficiency model  688 

To answer the question “are immersive experiences better than traditional training?”, a quantitative 689 

and uniform assessment framework should be adopted. It is also essential to specify the definition of 690 

“better”.  Both efficiency and effectiveness are important. In some cases, researchers could equate 691 

“better” with “more efficient”, when comparing only the performance time. But completing a training 692 

faster does not provide any insight as to the quality of what was learnt. The training should also be 693 

evaluated from an effectiveness point of view. In short, immersive training could be considered 694 

“better”, if it is more effective and efficient compared to traditional training. 695 

Based on the review of reported performance indicators in Section 5.1, the following minimal 696 

conceptual model for objectively measuring the effectiveness and efficiency of any training 697 

methodology is proposed (Figure 9).  698 

This model is a starting point intended to provide guidelines on which parameters should be measured 699 

to determine the effectiveness and efficiency of an immersive experience designed for training in the 700 

process industry. The conceptual model only evaluates the effect on the learner. A more involved 701 

question of effectiveness and efficiency of training provision from the viewpoint of the institution 702 

(company) providing the training will require other parameters to be included, e.g., investment costs, 703 

operating costs, number of learners in the training sessions and frequency of usage.  704 

The performance indicator “time” will be measured in the learning and evaluation process, providing 705 

input to assess the Efficiency Parameter. With the performance indicator “time”, we will be able to 706 

compare the time used by the trainee to learn and perform successfully the task in the immersive 707 

environment, with time spent in the traditional methodology. During the learning phase, the number 708 

of instruction repetitions will be registered and will be indirectly considered for this parameter.  709 

The Effectiveness Parameter is determined during the evaluation phase, with three main performance 710 

indicators: number of mistakes, equipment identification and event identification (Figure 9). This 711 

parameter indicates how the operators perform in an evaluation after learning the content. The 712 

number of hints will be considered indirectly, through the number of mistakes. The three performance 713 

indicators will determine the successful learning of the training in immersive technology, which will 714 

also be compared with traditional methodology.  715 
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 716 

Figure 9. Model of Efficiency and Effectiveness evaluation parameters in comparative assessments of 717 

immersive experience training. The ovals represent the performance indicators (PI) that are considered 718 

in the model; the continuous arrows indicate in which stage of the immersive training process will each 719 

performance indicator be evaluated; the dotted arrows indicate that the connected performance 720 

indicators are associated, for example, the number of hints will influence the number of mistakes; the 721 

dashed arrows indicate which performance indicator influences which parameter.    722 

6. Conclusion and future work 723 

There is a need for more engaging training approaches in the industry and immersive experiences may 724 

provide part of the solution. In addition, training with immersive technologies provides an opportunity 725 

to incorporate dangerous emergency situations into the training that could not be performed in real-726 

life classroom settings. This study has identified 44 publications that presented an immersive 727 

experience in the training of operators in the process industry in the past twenty years. Overall, the 728 

findings strengthen the perception that there is an increasing number of immersive solutions being 729 

applied to the training of operators. This increasing trend is also observed by Chan et al. (2021) in the 730 

field of immersive virtual labs and by Checa et al. (2019) in the field of Virtual Reality Serious Games. 731 

It can be expected that in the years to come the number of immersive training applications will further 732 

increase.  733 
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Before this study, evidence of how many training immersive experiences were implemented in the 734 

process industry was mainly anecdotal. Now, there is a clear view of the state-of-the-art research and 735 

the trends in the applications. The research has shown that three main technologies are being used 736 

for the training of operators: 3D immersive training (with a large majority of Powerwall examples), 737 

virtual reality and augmented reality. In the earlier years of the analysed period, there was a high 738 

proportion of examples of 3D immersive training, but it was observed that in the past five years the 739 

training solutions in the industry are mostly in virtual reality. The categorization of the type of training 740 

proved useful in expanding the understanding of what immersive training methods are being used for, 741 

and how there is a lack of implementation of useful and promising features such as emergency and 742 

dangerous situations. In terms of industry where immersive experiences have been implemented, this 743 

paper has included chemical, nuclear, manufacturing and industrial environment as part of the 744 

analysis. Despite the differences in terms of the final product of all the industries, all of them have 745 

elements in common, such as the hazardous working environment and technical-functional 746 

complexity. The possibility of training without being exposed to these risks and to practice tasks safely 747 

(in the virtual environment which in the real world would be too dangerous or not possible to perform, 748 

and very expensive to organize or reproduce), led to immersive experiences gaining popularity as 749 

employee training.  750 

This study raises the important question of the assessment of the training experience. Only a small 751 

fraction of the researchers considered and reported a comparison of immersive training with 752 

traditional methodologies, describing performance indicators measured. These findings suggest that 753 

greater efforts are needed to ensure a clear analysis of the effectiveness and efficiency of immersive 754 

experiences applied to the process industry. The study of the performance indicators facilitated the 755 

development of an effectiveness-efficiency model from the learner’s perspective to assess immersive 756 

experiences in the process industry. This model is a starting point intended to provide guidelines on 757 

which parameters should be measured to determine the effectiveness and efficiency of an immersive 758 

experience designed for training in the process industry. The model should also be evaluated in terms 759 

of characteristics of the trainees, e.g. age, work experience, digital expertise. The insights gained from 760 

this study may be of assistance to other researchers developing immersive training experiences for the 761 

process industry, who want to validate their results with others.  762 

As Toyoda et al. (2021) argue, it is vital to identify the factors that affect the intentions and the 763 

eagerness of the learners to use immersive technologies. The modified Unified Theory of Acceptance 764 

& Use of Technology 2 (UTAUT 2) facilitates the “examination of the effect of factors such as 765 

performance expectancy (PE), effort expectancy (EE), social influence (SI), and hedonic motivation 766 
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(HM) that may motivate operators and employees” into using immersive training in their training 767 

sessions. A perception study conducted by Udeozor et al. (2021) showed evidence that professionals 768 

(and chemical engineering students) find virtual reality games as a useful way to learn health and safety 769 

content and that they will use it. 770 

One of the lessons learned in the ongoing COVID-19 pandemic is that learning in a classroom or an 771 

office is not always possible under extraordinary situations, increasing the urgency for online 772 

education (Caño de las Heras et al., 2021) and leaving distance learning as the only alternative (Chan 773 

et al., 2021). Immersive technologies can provide a practical experience for the learners from the safety 774 

of an office, facilitating the training (Caño de Las Heras et al., 2021). For example, chemical operators 775 

can gain practical experience in a virtual chemical plant (Garcia Fracaro et al., 2021a)). 776 

In addition, given the COVID-19 circumstances, the researchers and industries implementing 777 

immersive technology in their curriculum or conducting research, have to consider such a 778 

methodological approach to keep the participants/users, as well as the researchers, safe and healthy 779 

(Garcia Fracaro et al., 2021b). 780 

Future research will further develop the conceptual model, which is created from the Systematic 781 

Literature Review point of view, and it is not a complete model from the perspective of Learning 782 

Analytics. This is a starting point of further research, where studies need to be carried out to validate 783 

the proposed model and to include a model from the institutional point of view.  784 

 785 

7. Annex 786 

 787 

Table A. i – Cross-reference of the 44 included papers by technology and industry. 788 

 Industry 

Immersive 
experience  

Chemical Manufacturing Nuclear Other process 
industries 

3D 
immersive 
training  

Colombo and Golzio (2016) 
Manca et al. (2013) (2014) 
Nakai et al.(2014) 
Nakai (2015) 
Nazir and Manca (2015) 
Nazir et al. (2013) (2015b) 
Norton et al. (2008) 
Skripcak et al. (2013) 
 

Dangelmaier et al. (2005) 
Fillatreau et al. (2013) 
Gallegos-Nieto et al. (2017) 
Sun and Tsai (2012) 
 

Mól et al. (2009) 
Ródenas et al. (2004) 
Szke et al. (2015) 

Zewei et al. (2011) 

Virtual 
Reality (VR)  

Shamsuzzoha et al. (2019) Brough et al. (2007) 
Pérez et al. (2019) 
Yao et al. (2006) 
 

Freitas et al. (2014) 
Hagita et al. (2020) 
Lee (2020) 
Moltó Caracena et al. 
(2017) 

Ho et al. (2018) 
Hou et al. (2017) 
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Nash et al. (2018) 
Soós et al. (2019) 
 

Augmented 
Reality (AR) 

Nakai and Suzuki (2016) Fiorentino et al. (2014) 
Gimeno et al. (2013) 
Morkos et al. (2012) 
Webel et al. (2013) 
 

 Tatić and Tešić (2017) 
Vignali et al. (2018) 

Serious 
game/ 
gamification 

Patriarca et al. (2019) Liu et al. (2018)  Ferretti et al. (2018) 

Simulator Brambilla and Manca 
(2009)(2011) 
Gerlach et al. (2016) 
Lee et al. (2017)  
 

* * * 

* not included in the inclusion criteria 

 789 

Table A. ii – Search string used in the initial search in Database Scopus and Web of Science. The search 790 

was conducted under Newcastle University license. 791 

String search   Database Date 

(TS=(Plant OR Industry OR Company) AND TS=(chemical OR 

pharmaceutical OR process OR petrochemical OR nuclear)) AND 

(TS=(Training) AND TS=(process OR Safety OR HSE OR 

Occupational Health)) AND (TS=("immersive technology" OR 

"virtual reality" OR "augmented reality" OR "CAVE" OR "Escape 

Room" OR "Mixed Reality" OR "Serious Game*" OR "VR" OR 

"MR" OR "AR" OR "Game-Based learning")) 

Web of 

Science 
04.02.2020 

TITLE-ABS-KEY(( plant OR industry OR company ) AND (chemical 

OR pharmaceutical OR process OR petrochemical OR nuclear )) 

AND (training AND ( process OR safety OR hse OR occupational 

AND health )) AND ("immersive technology" OR "virtual reality" 

OR "augmented reality" OR "CAVE" OR "Escape Room" OR 

"Mixed Reality" OR "Serious Game*" OR "VR" OR "MR" OR "AR" 

OR "Game-Based learning" ) 

Scopus 

 
04.02.2020 

 792 

Table A. iii – Inclusion and exclusion criteria of Systematic Literature Review.  793 

  Include  Exclude  

General Time frame  From 2000 - 2020 Before 2000 

Document type  Journal Article  Conference proceedings  

Language English  Not English  

First 
Level 

MQR1 

Who is trained?  Adults  Age < 17 

In which environment is the 
training carried out?  

Workplace training  

Apprenticeship training 

University/undergrad training  

Non-workplace environment  

Is there training involved?  Yes No  

What is trained?  Control Room  Automatization 
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 Process  

HSE  

Safety  

Maintenance  

Soft skills  

Is immersive experience 
used? 

 

Virtual Reality (VR) 

Augmented Reality (AR)  

Mixed Reality (MR)  

Cave Automatic Virtual 
Environment (CAVE) 

Escape Room  

Serious Games  

Simulators* 

e-learning  

In which industry is the 
training used?  

Chemical  

Pharmaceutical  

Process 

Petrochemical 

Nuclear  

Manufacturing§ 

Oil and gas  

Food Industry  

Medical  

Automobile  

Mining  

Construction  

Second 
Level 

MQR2 

Which types of evaluation 
criteria are presented?  

Shows evidence of 
evaluating immersive 
technology.  

Reports test results  

Does not perform a test.  

Does not report results  

*when used in the chemical industry; § when linked to the process industry 

 794 
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