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Abstract

Immersive learning (IL) technologies, including virtual, augmented, and mixed reality, have been increasingly adopted
for training in energy systems, where high-risk, low-frequency events and hazardous operating environments limit the
feasibility of real-world training. Over the past two decades, such approaches have been explored across nuclear,
power grid, oil and gas, and renewable energy domains, yet the literature remains fragmented across applications and
training objectives. This survey reviews IL for energy training from 2000 to 2025, focusing on four core priorities: (i)
operator training, (ii) maintenance and field services, (iii) safety and emergency response, and (iv) education and
workforce development. A cross-domain taxonomy that organizes prior work by energy domain, immersive modality,
pedagogical approach, and evaluation maturity; enabling comparative analysis across sectors is introduced here. The
survey highlights dominant design patterns as well as persistent gaps in evaluation rigor, particularly with respect to
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transfer of training to real-world performance. Finally, it is concluded by outlining research directions to support
evidence-based, scalable, and trusted immersive training in energy systems.
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1. Introduction

Immersive learning (IL) emerged as a powerful educational paradigm grounded in experiential and situated learning
theories (Kuhail et al., 2022, Masoud et al., 2025). From a pedagogical perspective, IL emphasizes learning by doing
(Kuhail et al., 2022). Learners actively engage in realistic environments, manipulate system components, and receive
immediate feedback within contexts that closely resemble real-world practice (Kuhail et al., 2022, Masoud et al.,
2022). This approach aligns with well-established principles of experiential learning, cognitive apprenticeship, and
simulation-based instruction, where understanding is constructed through interaction, reflection, and iterative practice
rather than passive content consumption (Kuhail et al., 2022). By enabling learners to experience situations that would
otherwise be inaccessible, IL offers unique affordances for developing procedural knowledge, spatial understanding,
and situational awareness.

These pedagogical advantages are particularly salient in the context of energy systems. Training in energy systems
involves high-risk, low-frequency events and operations that are dangerous, costly, or impossible to practice in real
settings (Lucas et al., 2018). Unlike most of the applications in general industrial training, energy systems are tightly
coupled, safety-critical, and highly regulated, where errors can rapidly propagate and consequences affect human life,
the environment, and infrastructure reliability. As a result, training places strong emphasis on procedural accuracy,
coordination, and real-time decision-making under uncertainty. Traditional training methods often struggle to prepare
personnel for such rare but consequential scenarios, whereas IL enables safe rehearsal, repeated practice, and enhanced
situational awareness in realistic yet risk-free environments.

Over the past two decades, IL has been explored across a wide range of energy applications, including nuclear control-
room training, power grid and substation operations, oil and gas maintenance and emergency response, and safety
training for wind and other renewable energy systems. However, this body of work remains highly fragmented. Studies
are often confined to specific domains (e.g., nuclear versus offshore wind), specific tasks (e.g., maintenance versus
emergency response), or specific technologies, with limited cross-domain synthesis. Moreover, research communities
addressing operator training, maintenance and field service, safety and emergency response, and workforce
development have evolved in parallel, despite overlapping pedagogical goals and technological foundations. As a
result, there is currently a lack of a unified synthesis that systematically examines how IL has been applied across the
energy sector, how different training priorities relate to one another, and where evidence remains weak or inconsistent.

2. Background and Scope

2.1 Immersive Learning Technologies in Energy Systems

IL technologies can be situated along the reality—virtuality continuum (Skarbez et al., 2021), which ranges from fully
physical environments to fully virtual ones. Within the broader category of extended reality (XR), technologies differ
in the extent to which they replace or augment the real world and in the pedagogical roles they support in training. At
the virtual end of the continuum, virtual reality (VR) provides fully simulated environments in which learners are
immersed and largely isolated from the physical world. VR has been the dominant immersive modality in energy
training, supporting simulation-based and experiential learning for applications such as control-room operation,
substation procedures, refinery processes, turbine maintenance, and emergency response. By enabling repeated
rehearsal of high-risk, low-frequency events, VR supports spatial understanding, procedural learning, and situational
awareness without real-world danger. Closer to the physical end of the continuum, augmented reality (AR) overlays
digital information onto real environments. In energy systems, AR is primarily used for maintenance and field service
training, where in-situ procedural guidance, component highlighting, and visualization of hidden assets support just-
in-time learning and reduce cognitive load during complex tasks. Mixed reality (MR) occupies an intermediate
position on this continuum. Figure 1 provides a conceptual overview of how training technologies in the energy sector
have evolved along the Reality—Virtuality continuum from 2000 to 2025. Early training paradigms are dominated by
simulator-centric approaches designed to support procedural accuracy and certification in safety-critical environments.
As immersive technologies matured, VR increasingly augmented and, in some cases, replaced traditional simulators
for rehearsing hazardous and low-frequency scenarios. More recent developments emphasize VR-centric solutions
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with selective hybridization, including limited MR use for task support and digital-twin integration. Importantly,
Figure 1 illustrates that adoption does not progress linearly toward greater physical-virtual integration; instead,
energy-sector training selectively adopts technologies that balance realism, controllability, and assessment
requirements. This technological progression reflects both hardware maturity and a growing alignment between
immersive modalities and specific training needs within energy systems.

Training paradigm | Simulator-centric training | Simulators + VR augmentation | VR-centric + selective hybridization |

(full-scope, certification-driven) {procedures, safety rehearsal) (digital twins, task support)

Technology emphasis | Real systems & high-fidelity simulators | Virtual environments | Hybrid physical-virtual |

(VR; occasional CAVE) (MR emerging; limited scope)
Primary objectives | Procedural accuracy & certification | Hazard exposure & rare-event rehearsal | mmﬁg |
2000 2005 2010 2015 2020 2025

wear

Figure 1. Conceptual evolution of energy sector Training Technologies (2000-2025)

2.2 Energy Training Context and Priority Areas

Training in energy systems operates under constraints that are fundamentally different from those in many other
industrial or educational settings. Energy infrastructures are safety-critical, highly regulated, and often geographically
dispersed, with operations that span control rooms, field environments, and emergency response contexts. Based on
these characteristics and the patterns observed in the literature, this survey focuses on four primary priority areas.

Operator training includes control-room and field operators responsible for monitoring and controlling energy
systems. In domains such as nuclear power, electric grids, and oil and gas processing, operators manage tightly coupled
systems where errors can propagate rapidly under both normal and abnormal conditions. Immersive learning enables
rehearsal of decision-making, coordination, and system interactions for rare, high-impact events that cannot be safely
or economically practiced in real facilities.

Maintenance and field service training focuses on technicians who inspect, repair, and service energy infrastructure
in hazardous or hard-to-access environments such as high-voltage substations, offshore platforms, wind turbine
nacelles, and confined spaces. Immersive technologies, particularly AR, support procedural learning, spatial
understanding, and task sequencing, helping reduce error and improve safety during hands-on work.

Safety and emergency response training prepares personnel to respond to accidents, failures, and extreme events,
including fires, explosions, electrical faults, radiological incidents, and evacuations. Because these scenarios are high-
risk and low-frequency, immersive learning enables repeated, risk-free exposure and rehearsal of coordinated
responses, making it one of the most mature applications of immersive learning in energy systems.

Workforce training and education addresses pre-operational learners and workers entering, upskilling, or transitioning
within the energy sector. Immersive learning supports safe familiarization with complex systems, foundational skill
development, and the transition from classroom instruction to operational environments, helping build confidence and
competence while reducing training time and risk.

2.3 Scope and Inclusion Criteria

This survey adopts a clearly defined scope to ensure coherence, rigor, and relevance. The timeframe covered spans
2000 to 2025, capturing the evolution of immersive learning (IL) in energy systems from early desktop-based
simulations to contemporary VR, AR, and MR applications. This period reflects both technological maturation and
shifts in pedagogical practice. The energy domains included in this review encompass fossil energy systems (e.g., oil,
natural gas, refining, and coal-related operations), nuclear energy, and renewable energy systems, including wind,
solar, hydropower, geothermal, and biomass where relevant training applications have been reported. This broad
domain coverage allows for cross-sector comparison while acknowledging domain-specific constraints and practices.
Finally, the review is explicitly focused on training and learning applications of immersive technologies. Included
studies address educational objectives such as skill development, procedural training, and safety preparedness. Works
that focus exclusively on pure visualization, design, or planning tools, without an explicit training or learning
component, are excluded. Following these selection criteria, and after systematic screening, cleaning, and removal of
duplicates, the final dataset comprises 36 peer-reviewed papers included in the analysis.
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3. Review Methodology

A comprehensive literature search was conducted across IEEE Xplore, ACM Digital Library, ScienceDirect
(Elsevier), SpringerLink, MDPI, OnePetro, and arXiv. These sources collectively cover engineering education,
human—computer interaction, energy systems, industrial training, and emerging immersive technologies. The search
was guided by combinations of keywords spanning three dimensions: immersive technology, training and learning,
and energy applications. Core keyword groups included terms related to extended reality (e.g., virtual reality,
augmented reality, mixed reality, XR), training and learning (e.g., training, education, learning, simulation, operator
training), and energy systems and applications (e.g., energy, power systems, nuclear, oil and gas, renewable energy,
safety, maintenance). These terms were combined using Boolean operators to identify studies explicitly addressing
immersive technologies for training-related purposes in energy domains. Reference lists of relevant review and survey
papers were also examined to identify additional foundational or frequently cited studies.

3.1. Screening and Classification

Following the initial search, all identified records were screened using a set of predefined inclusion and exclusion
criteria. Studies were included if they: (i) addressed the use of immersive technologies (VR, AR, or MR), (ii) focused
on training or learning objectives, and (iii) were situated within an energy-related domain, including fossil energy
systems, nuclear energy, or renewable energy systems. Both empirical studies and well-documented system designs
or reviews were considered, provided they explicitly targeted training or learning outcomes. Studies were excluded if
they focused solely on visualization, design, planning, or public communication without a training or educational
component, or if they addressed immersive technologies in non-energy industrial domains without clear relevance to
energy systems. Editorials, short abstracts without sufficient methodological detail, and non-scholarly sources were
also excluded.

3.2. Data Extraction

For each included study, a structured set of attributes was extracted to support systematic comparison and synthesis.
The extracted fields include bibliographic information (authors, year, and publication venue), immersive technology
type (VR, AR, or MR), and detailed descriptions of the technology and system implementation where reported.
Additional fields capture the pedagogical approach (e.g., experiential learning, procedural training, simulation-based
rehearsal), application context (operator training, maintenance/field service, safety/emergency, education), energy
domain, and intended training objectives. Where available, information on study participants, evaluation methods, and
reported outcomes was also recorded.

4. Comparative Taxonomy of Immersive Learning in Energy

To synthesize over two decades of research spanning multiple energy domains, immersive technologies, and training
objectives, this survey adopts a comparative taxonomy that organizes prior work along a small set of conceptually
meaningful dimensions. Rather than enumerating individual studies in isolation, the taxonomy highlights recurring
patterns, contrasts, and gaps across the literature, providing a structured lens through which diverse applications of IL
in energy systems can be analyzed. The proposed taxonomy is defined by five key dimensions that collectively capture
the pedagogical intent, technological choices, and evidentiary strength of IL applications in the energy sector.

The primary organizing dimension is the training priority, which reflects the dominant educational objective of each
study. Studies are grouped into operator training, maintenance and field service, safety and emergency response, four
core training priorities that emerged consistently across the literature: operator training, maintenance and field service,
safety and emergency response, and workforce development. These categories correspond to distinct learner
populations, task characteristics, and pedagogical needs. Operator training emphasizes system-level understanding
and decision-making, maintenance and field service focus on procedural accuracy and task execution, and safety and
emergency response target rare, high-consequence events that require rapid and coordinated action. Each study is
situated within a specific energy domain, including fossil energy systems (e.g., oil and gas, refining, coal), nuclear
energy, and renewable energy systems (e.g., wind, solar, hydropower). This dimension captures domain-specific
constraints such as regulatory requirements, risk profiles, and operational complexity, which strongly influence both
training design and technology adoption.

The proposed taxonomy is structured along three primary dimensions: training objective, energy domain, and XR

modality. The training objective dimension distinguishes between operator training, maintenance/field service,
safety/emergency response, and education/workforce development, reflecting the functional intent of immersive
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deployment rather than the technology alone. The energy domain dimension captures sector-specific contexts,
including nuclear, grid/power systems, oil and gas, renewables (wind, solar, wave), and mining/coal, acknowledging
that operational risk profiles, regulatory environments, and workforce structures differ substantially across domains.
The XR modality dimension differentiates among simulators, VR, AR, MR, and CAVE systems, recognizing that
each modality affords distinct levels of immersion, interaction fidelity, and spatial realism. Multiple studies that share
these structural characteristics are grouped within the same row and cited collectively as citation clusters, emphasizing
patterns of adoption rather than individual implementations.

Table 1. Unified taxonomy of IL applications for training in the energy sector (2000-2025), organized by XR
modality, training priority, and energy domain.

Priority | Energy Domain | XR Modalities | Citations
. Koskinen et al. (2021); Masiello et al. (2022);
Nuclear VIU/ng\l;léator Bergroth et al. (2018); Jorge et al. (2010);
Operator Boring (2009); Li et al. (2023)
Trainin . Mondragén Bernal et al. (2022); Neto et al.
¢ Grid / Power VR (2023); Teodoro of al. (2(523) :
Oil & Gas Simulator/CAVE | Wilkinson & Corbett (2016)
Nuclear VR Nash et al. (2018)
Maintenance Grid / Power Simulator / VR | Chang et al. (2010)
/ Field Oil & Gas AR Koteleva et al. (2020)
Service Renewables — Wind V%if;fus Chen & Shieh (2023); Cheng et al. (2024)
Nuclear VR /MR Arakawa et al. (2024); Pakarinen et al. (2024)
Grid / Power VR Galvan et al. (2010)
Safety / Renewables — Wind VR Li et al. (2022)
Emergency Renewables — Solar/PV VR /AR Erten et al.' (2022) ' ’
o VR / Serious Grabowski & Jankowski (2015); Li et al.
Mining / Coal (2020); Giirer et al. (2023); Bellanca et al.
Game
(2019)
Nuclear VR/AR Popov et al. (2021)

Education / Grid / Power VR Barata et al. (2015); Borst et al. (2016)
Workforce Renewables — Wind VR Abichandani et al. (2014); Frank et al. (2021)
Development | Renewables — Solar/PV VR /AR Abichandani et al. (2019); Karlina et al. (2024)

Mining / Coal VR + AR Zhang et al. (2022)
Nuclear VR Pakarinen et al. (2024)
Cross-Cutting VR / AR/ MR / Kuhail et al. (2022); Huynh et al. (2016);
/ Reviews Cross-domain Simulator Anifowose et al. (2023); Alha? zaa et al:
JCAVE (2025); Lucas et al. (2018); Pérez-Ramirez &
Ontiveros-Hernandez (2009)

As displayed in Table 1, nuclear energy exhibits the highest level of technological maturity and diversity, spanning
traditional simulators, immersive VR, MR, and CAVE systems, primarily for operator training and safety applications.
In contrast, grid and power systems rely predominantly on VR-based operator and substation training, with limited
modality diversity. Oil and gas remain simulator-dominant for operator training, while AR is mainly used for
maintenance support. In the renewable sector, adoption is largely education- and workforce-driven rather than
operator-focused: wind energy emphasizes VR and serious games for maintenance and safety, solar incorporates both
VR and AR for safety and instructional modules, and wave energy remains mostly non-immersive. Mining and coal
applications are overwhelmingly safety-oriented, heavily utilizing VR and serious-game approaches for occupational
health training. Across all domains, VR is the dominant modality, while AR adoption is selective and CAVE systems
appear exclusively in nuclear contexts. Overall, the taxonomy suggests that immersive deployment maturity correlates
with operational risk and regulatory intensity, with nuclear leading in breadth and depth, mining focusing on hazard
mitigation, and renewables prioritizing workforce education over advanced operational immersion.
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4.1 Operator Training

Operator training represents one of the earliest and most conservative applications of immersive technologies in the
energy sector, particularly within nuclear and power grid domains. Across these systems, IL is primarily used to
support rehearsal of complex procedures, exposure to abnormal operating conditions, and development of situational
awareness in environments where real-world training is impractical or unsafe. In nuclear energy, operator training has
focused on virtualized control rooms and plant environments that replicate instrumentation layouts, alarm systems,
and operational workflows. These systems enable interaction with control interfaces and simulated plant states without
disrupting live operations, supporting familiarization, skill refreshment, and rehearsal of abnormal scenarios (Boring,
2009; Jorge et al., 2010; Pakarinen & Laarni, 2024). A defining feature of this cluster is its emphasis on rare, high-
consequence events, such as accident sequences and radiological incidents, that cannot be safely enacted in physical
facilities. Simulation-based rehearsal allows repeated exposure to such scenarios, supporting procedural memory and
coordinated decision-making under stress. However, operator training in nuclear systems is shaped by a conservative
validation culture. Regulatory requirements and safety considerations impose high standards for acceptance, resulting
in cautious adoption of immersive technologies. Consequently, many studies emphasize fidelity, alignment with
existing simulator-based practices, and participatory design, while empirical evaluations often rely on small pilot
studies or qualitative assessments. This conservatism promotes methodological rigor but limits the pace of innovation
and breadth of reported evidence.

In power grid systems, immersive operator training has focused on substations, switching operations, and distributed
control contexts. Virtual environments are used to represent substation layouts and system states, allowing operators
to practice procedures and understand system behavior without exposure to high-voltage infrastructure (Chang et al.,
2010; Mondragon-Bernal et al., 2022). Compared to nuclear applications, these systems place greater emphasis on
procedural rehearsal and spatial understanding than on high-level diagnostic or strategic decision-making. Across
energy domains, operator training remains dominated by simulation-based pedagogy. Immersive environments are
primarily used to replicate real systems and procedures, enabling repeated practice under controlled conditions. While
the potential benefits of IL for operator preparedness are widely recognized, objective performance transfer metrics
remain limited, particularly outside the nuclear domain. This highlights the need for cross-domain evaluation
frameworks capable of assessing skill transfer, decision quality, and long-term retention.

4.2 Maintenance and Field Service Training

Maintenance and field service training constitutes one of the most active and application-driven areas of IL in the
energy sector. Unlike operator training, which emphasizes system-level understanding, maintenance-focused
applications prioritize procedural accuracy, spatial awareness, and task execution in hazardous or hard-to-access
environments. In power grid applications, IL has been widely explored for high-voltage maintenance, including live-
line work and substation-related tasks. Virtual environments allow technicians to rehearse dangerous procedures
without exposure to electrical hazards, supporting step-by-step practice and spatial understanding (Pérez-Ramirez &
Ontiveros-Hernandez, 2009; Galvan et al., 2010). More recent immersive systems incorporate fault handling and
emergency maintenance scenarios, reinforcing diagnostic and corrective actions under time pressure (Mondragon-
Bernal et al., 2022). While feasibility and usability are well established, evaluations often remain limited to
engagement metrics rather than direct measures of field performance or error reduction.

In offshore oil and gas, maintenance and field service training continues to rely heavily on high-fidelity simulators for
drilling and equipment operations (Wilkinson & Corbett (2016) / Maersk Training, 2016). These systems support
procedural rehearsal and emergency preparedness in complex offshore environments but remain largely simulator-
centric rather than XR-driven. Renewable energy systems, particularly offshore wind, present distinct challenges
related to working at height, confined spaces, and harsh environmental conditions. IL in this domain focuses on turbine
maintenance, electrical and hydraulic systems, and safety procedures. VR-based simulators and serious games are
commonly used to expose technicians to these high-risk environments without physical danger, supporting
troubleshooting and procedural rehearsal (Chen & Shieh, 2023; Cheng et al., 2024). Despite growing interest, many
studies remain exploratory, with limited reporting on long-term skill transfer or operational impact

4.3 Safety and Emergency Response Training

Safety and emergency response training emerges as the most mature and consistently explored application of IL across
energy domains. XR technologies are well aligned with the pedagogical requirements of preparing personnel for rare,
high-consequence events that cannot be safely or economically rehearsed in real environments. In power grid systems,
immersive training has been widely applied to electrical accidents, substation faults, and live-line hazards. Virtual
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environments allow trainees to experience accident sequences and practice correct responses without exposure to
electrical risk, emphasizing hazard recognition and procedural compliance (Pérez-Ramirez & Ontiveros-Hernandez,
2009; Mondragén-Bernal et al., 2022). Nuclear energy exhibits a strong alignment between IL and safety training
needs. VR-based simulations support training for radiological exposure, accident management, decommissioning, and
evacuation scenarios, often built upon simulator-based traditions (Nash et al., 2018; Masiello et al., 2022).

More recently, mixed reality appeared in narrowly scoped applications, such as radiation protection and instrument-
centered training, where physical devices are coupled with virtual hazard visualization (Arakawa et al., 2024). While
these MR applications demonstrate technical feasibility, they remain task-specific rather than comprehensive safety
training platforms. In offshore oil and gas, simulator-based training continues to dominate emergency response
preparation, supporting fire, explosion, and evacuation drills without disrupting operations (Wilkinson & Corbett
(2016) / Maersk Training, 2016). Across domains, safety and emergency response training is characterized by
simulation-based and serious-game pedagogies, with VR serving as the primary modality for creating controlled yet
realistic emergency scenarios. Despite its relative maturity, evidence of long-term safety impact remains limited. Most
studies report improvements in engagement, perceived preparedness, or short-term learning gains, while longitudinal
outcomes, such as incident reduction or sustained performance improvement, are rarely assessed. Addressing this gap
represents a critical opportunity for advancing the effectiveness of IL in safety-critical energy systems.

4.4 Education and Workforce Development

Education and workforce development represent a complementary but conceptually distinct application of IL in the
energy sector. Unlike operator, maintenance, and safety training, which are typically oriented toward certified
personnel and operational readiness, education-focused applications target students, early-career technicians, and
prospective workforce entrants. The primary objective in this cluster is conceptual understanding, skills exposure, and
career pathway development rather than immediate operational competence. IL in this category is commonly used to
visualize abstract energy concepts, system behaviors, and spatial relationships that are difficult to convey through
traditional instruction. In marine and renewable energy education, VR environments and interactive demonstrations
have been used to illustrate energy conversion processes, system components, and operational principles, enabling
learners to explore complex systems in an intuitive and engaging manner (Huynh et al., 2016). Similarly, immersive
tools have been applied to building energy and solar contexts to support understanding of energy flows, system
interactions, and simulation outcomes, often as a supplement to computational or classroom-based instruction (Erten
et al., 2022; Alhazzaa et al., 2025).

Pedagogically, education-oriented immersive applications tend to emphasize experiential learning, exploration, and
scaffolding rather than strict procedural fidelity. Serious games, guided virtual walkthroughs, and interactive
simulations are frequently employed to support inquiry-based learning and conceptual reasoning. Evaluations in this
cluster typically focus on learner engagement, perceived understanding, and attitudinal outcomes, with fewer studies
assessing long-term knowledge retention or transfer to professional practice. Compared to other priority areas,
education and workforce development exhibit greater flexibility in technology adoption and lower regulatory
constraints. This has enabled broader experimentation with VR and AR, including early-stage comparative studies of
immersive modalities. At the same time, the lack of standardized learning objectives and assessment frameworks
limits cross-study comparability and makes it difficult to quantify the contribution of IL to workforce readiness. As
energy systems evolve and demand new skill sets, this cluster represents an opportunity to bridge conceptual education
and applied training through structured integration of IL with formal curricula and industry-aligned competencies.

5. Cross-Cutting Analysis and Research Gaps

The review synthesizes the landscape of IL research and applications in the energy sector through complementary
views that jointly reveal temporal evolution, structural coupling, and distributional imbalance. Figure 2-a illustrates
the temporal trend of publications (2000—2025) by training objective, showing a sharp increase after 2016, with nearly
70% of the reviewed studies published between 2021 and 2025. This growth is driven primarily by
education/workforce applications, which account for approximately 47% of the total sample, followed by
safety/emergency training at about 25%. Operator training represents roughly 22%, while maintenance/field service
constitutes the smallest share at about 11%, reflecting comparatively modest and fluctuating growth. Figure 2-b
highlights the cross-cutting role of VR, which dominates the modality landscape at approximately 64% of all studies.
When simulators and serious-game systems are combined, they account for about 31%, largely concentrated in safety-
critical and operator-focused contexts. AR-based systems represent roughly 11%, appearing selectively in
maintenance and workforce training, while MR (=3%) and CAVE systems (=3%) remain marginal, underscoring the

© IEOM Society International



Proceedings of the 11" North American International Conference on Industrial Engineering and Operations
Management, Milwaukee, Wisconsin, USA, June 9-11, 2026

limited penetration of tightly coupled physical—virtual and large-scale immersive environments in energy training.
Figure 2c—f quantifies distributions across key dimensions. Training priorities confirm the predominance of
education/workforce applications (=47%), followed by safety/emergency (=25%) and operator training (=22%).
Modality distribution further reinforces VR’s dominance (<64%), with all other modalities representing substantially
smaller shares. Energy domain distribution indicates that renewables lead with approximately 36% of publications,
followed by nuclear at about 28%, grid/power at 22%, mining/coal at 14%, and oil/gas at 6%. Finally, hardware
platforms reveal that HMD-based systems account for roughly two-thirds of deployments, far exceeding desktop-
based systems, AR devices, industrial simulators, or CAVE installations.
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Figure 2. Cross-cutting analysis of IL for training in the energy sector (2000-2025), showing (a) temporal trends by
training priority, (b) distribution of studies across XR modality, training priority, and energy domain, and (c—f)
aggregate distributions by training priority, XR modality, energy domain, and hardware platforms.

5.1 Pedagogy vs. Technology

Across energy domains, technological innovation has consistently outpaced pedagogical development. Advances in
graphics, interaction, head-mounted displays, and mobile platforms have enabled increasingly realistic and immersive
training environments. However, many studies emphasize system capabilities and visual fidelity while providing
limited discussion of instructional design principles, learning objectives, or assessment strategies. Simulation-based
training dominates literature, often implicitly rather than explicitly grounded in learning theory. While experiential
learning, procedural rehearsal, and serious-game approaches are frequently invoked, these pedagogical concepts are
not always systematically operationalized or evaluated. As a result, similar immersive technologies are used across
markedly different training contexts without clear justification for their pedagogical alignment. This gap suggests a
need for stronger integration of learning science frameworks, such as experiential learning cycles, cognitive load
theory, and mastery learning, into the design of immersive training systems for energy applications.

5.2 Evaluation Gaps

A pervasive challenge concerns evaluation rigor and consistency. Many studies across all three training priorities rely
on small participant samples, often due to the practical constraints of working with specialized operators, technicians,
or safety personnel. While such constraints are understandable in energy contexts, they limit statistical power and
generalizability. More critically, objective transfer-to-field metrics are rarely reported. Evaluations frequently focus
on usability, user satisfaction, or perceived realism rather than measurable improvements in task performance, error
reduction, decision quality, or safety outcomes in real operational settings. Longitudinal assessments of retention and
real-world impact are particularly scarce. In addition, the use of control groups or comparative baselines is uncommon.
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Few studies directly compare immersive training with conventional methods such as classroom instruction, manuals,
or traditional simulators. Without such comparisons, it remains difficult to attribute observed benefits specifically to
IL rather than to novelty effects or increased training attention.

5.3 Domain Conservatism

The review also reveals clear differences in adoption pace and validation culture across energy domains. Nuclear
energy exhibits the most conservative approach, characterized by rigorous safety requirements, regulatory oversight,
and strong alignment with existing simulator-based training practices. As a result, immersive technologies are
introduced cautiously, often through pilot studies and participatory design, with an emphasis on fidelity and procedural
accuracy. In contrast, offshore wind and other renewable energy sectors demonstrate faster experimentation and
innovation, driven by rapidly expanding workforces, evolving infrastructure, and fewer regulatory constraints on
training methods. IL in these domains often adopts serious games and VR-based simulations with comparatively
limited validation. The oil and gas sector occupies an intermediate position, balancing high-risk operational
environments with commercial pressures and practical deployment considerations. Here, IL, particularly AR for field
service, has seen increasing real-world use, but systematic evaluation remains limited. These domain-specific
differences underscore the importance of contextualizing IL within regulatory, cultural, and operational constraints.

5.4 Scalability and Cost

Finally, scalability and cost present persistent challenges for widespread adoption of IL in energy training. While
hardware costs for VR and AR devices have decreased over time, organizations must still account for expenses related
to system integration, content development, and maintenance. High-fidelity simulations and scenario-rich
environments require substantial upfront investment and ongoing updates to remain aligned with evolving equipment,
procedures, and regulations. Instructor training and organizational readiness further complicate scalability. Effective
deployment of IL often requires trainers who are comfortable with both the technology and the underlying pedagogical
approach, as well as institutional support for integrating immersive tools into existing training curricula. Without
sustainable strategies for content updates, instructor preparation, and technical support, IL initiatives risk remaining
isolated pilots rather than becoming integral components of training programs.

6. Future Research Directions

6.1 Evidence-Based Evaluation Frameworks

A central priority for future research is the development of evidence-based evaluation frameworks tailored to IL in
safety-critical energy contexts. Existing studies frequently rely on usability and acceptance metrics, which, while
valuable, provide limited insight into actual learning effectiveness or operational impact. Future work should
emphasize objective performance measures, such as task completion time, error rates, decision quality, and procedural
compliance, and assess how these metrics translate from virtual environments to real-world settings. Longitudinal
studies are particularly needed to evaluate skill retention and transfer, especially for high-risk, low-frequency events
where training benefits may only manifest over extended periods. Comparative studies that include control groups or
baseline training methods (e.g., classroom instruction, manuals, or conventional simulators) would further strengthen
causal claims. Developing standardized evaluation protocols that can be adapted across energy domains would
facilitate cross-study comparison and accelerate evidence accumulation.

6.2 Integration with Digital Twins

The integration of IL with digital twins represents a promising avenue for enhancing realism, adaptability, and
relevance in energy training. Digital twins, as dynamic, data-driven representations of physical systems, can provide
real-time or scenario-based inputs to immersive environments, enabling training experiences that reflect current
system states, historical incidents, or projected future conditions. For operator training, coupling VR control rooms
with digital twins can support realistic rehearsal of system behavior under varying loads, faults, or environmental
conditions. For maintenance and field service, digital twins can inform AR-based guidance with up-to-date asset
information and predictive maintenance insights. Further research is needed to explore such architectures, data
integration strategies, and pedagogical models that effectively leverage digital twins without overwhelming learners
or introducing unnecessary complexity.

6.3 Adaptive and Personalized Training

Another important research direction involves adaptive and personalized immersive training. Most existing systems
deliver static scenarios or fixed procedural sequences, regardless of learner expertise, performance, or learning
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progress. Advances in learning analytics, artificial intelligence, and user modeling offer opportunities to tailor
immersive experiences to individual learners. Adaptive training systems could adjust scenario difficulty, feedback
frequency, or task sequencing based on observed performance, enabling more efficient learning and targeted skill
development. Personalization is particularly relevant in energy contexts where trainee backgrounds vary widely,
ranging from novices to experienced operators. Future studies should investigate how adaptive mechanisms influence
learning outcomes, cognitive load, and user trust, as well as how personalization can be implemented responsibly in
safety-critical training environments.

6.4 Certification and Regulatory Acceptance

The certification and regulatory acceptance of IL remain a key challenge, especially in highly regulated domains such
as nuclear energy and power grid operations. While immersive technologies offer clear pedagogical benefits, their
integration into formal training and certification pathways requires alignment with regulatory standards, validation
criteria, and auditing practices. Future research should explore frameworks for certifying immersive content,
documenting learning outcomes, and demonstrating equivalence or complementarity with existing training methods.
Collaboration among researchers, industry practitioners, and regulatory bodies will be essential to establish trust and
define acceptable evidence thresholds. Addressing these institutional dimensions is critical for transitioning IL from
supplemental training tools to formal components of energy workforce development

7. Conclusion

This survey reviewed two decades of research on IL for training in energy systems (2000-2025), focusing on operator
training, maintenance and field service, safety and emergency response, four core training priorities that emerged
consistently across the literature: operator training, maintenance and field service, safety and emergency response,
and workforce development. From a pedagogical perspective, immersive technologies address training challenges that
are distinctive to energy systems, including high-risk, low-frequency events and operational contexts that are unsafe
or impractical to reproduce in real environments. By introducing a cross-domain comparative taxonomy, this work
synthesizes a fragmented literature spanning nuclear, power grid, oil and gas, and renewable energy sectors. The
analysis shows clear alignment between immersive modalities and training priorities: VR is predominantly used for
simulation and emergency rehearsal, AR increasingly supports in-situ maintenance and field service, and experiential
approaches are most common in safety-critical training. MR represents a newer class of immersive technology, and
its limited presence in the reviewed literature reflects both its relative maturity and the conservative adoption patterns
typical of safety-critical energy domains.
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