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ABSTRACT 

The application of solar photovoltaic systems has experienced significant growth in recent years, resulting in an in-
creasing number of workers involved in the design, installation, operation, and maintenance of solar power plants. 
Although solar technology is generally considered relatively safe during operation, certain stages of its life cycle in-
volve specific occupational health and safety (OHS) risks. This paper aims to present and systematize the key risks and 
protective measures in the field of solar energy through a review of scientific literature, technical reports, and relevant 
standards. The research methodology is based on the qualitative analysis and classification of hazards identified dur-
ing different phases of solar power plant operation. The results indicate that the most common risks are associated 
with working at heights, exposure to direct current electrical hazards, and the influence of climatic and organizational 
factors. Particular emphasis is placed on the implementation of safe work procedures, the use of appropriate personal 
protective equipment, continuous worker training, and the introduction of safety management systems in accord-
ance with international standards. It is concluded that effective OHS risk management requires an integrated ap-
proach combining technical, organizational, and educational measures aimed at reducing workplace injuries and im-
proving safety in the solar industry. 
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1. INTRODUCTION 

Photovoltaic systems today represent one of the fastest-growing sources of renewable energy worldwide and play a 
significant role in the global energy transition. Continuous technological progress, declining costs of solar module 
production, and the increasing need to reduce greenhouse gas emissions have contributed to the intensive develop-
ment and widespread application of solar technologies in industry, public infrastructure, and households. Owing to 
their ability to generate electricity without the direct combustion of fossil fuels, photovoltaic systems are widely re-
garded as one of the key solutions for achieving sustainable energy development and mitigating the environmental 
impact of the energy sector [4–6]. 

However, despite the numerous advantages of solar energy, recent studies indicate that the application of photovol-
taic systems is not entirely risk-free. Risks associated with these systems cover a broad range of technical, health, 
environmental, and social aspects that arise throughout the entire life cycle of the equipment—from manufacturing 
and transportation, through installation and operation, to maintenance, recycling, and final disposal of panels [4–6]. 
Particular attention is given to electrical hazards, the potential for fire incidents, working at heights during installation 
and maintenance, as well as possible exposure to hazardous chemical substances present in certain components of 
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solar modules. In addition, the growing number of decommissioned and damaged panels raises concerns regarding 
adequate waste management and the development of efficient recycling systems, representing a significant chal-
lenge for the long-term sustainability of the solar industry [11, 12]. 

In addition to technical and environmental aspects, increasing importance is also attributed to social factors related 
to working conditions, production organization, and global supply chains. Contemporary safety approaches empha-
size that the sustainability of photovoltaic systems cannot be assessed solely through energy efficiency or emission 
reduction, but must also consider their impact on worker health, the quality of working conditions, and the broader 
social environment [7, 10]. 

Previous research has mostly focused on individual aspects of safety and sustainability, with the majority of studies 
analyzing technical failures, electrical hazards, or environmental impacts separately. A significantly smaller number 
of studies have attempted to integrate multiple risk dimensions into a unified analytical framework to understand 
their interrelationships [8, 13]. Therefore, this paper aims to systematize existing knowledge through a comprehen-
sive literature review and present the development of risk understanding in photovoltaic systems—from earlier stud-
ies focused on isolated technical issues to contemporary integrated approaches that link technical, health, environ-
mental, and social aspects of risk management.  

2. DEVELOPMENT OF RESEARCH THROUGH THE LITERATURE 

2.1. Initial Research on Environmental Risks (2000–2014) 

One of the earliest studies highlighting potential negative impacts of photovoltaic systems was the work of Fthenakis 
and Moskowitz [4] in 2000, which emphasized that the production of solar cells may involve hazardous materials such 
as cadmium, lead, and various industrial gases. The authors demonstrated that environmental impacts should not be 
considered only during system operation, but across the entire life cycle of the equipment. 

Later, Bakhiyi et al. [5] in 2014 expanded this perspective by analyzing the impact of the photovoltaic industry on 
worker health. Their study highlighted the significance of chemical exposure during manufacturing processes, as well 
as the need for stricter industrial safety procedures. 

2.2. Focus on Installation Safety (2017–2021) 

White and Doherty [1] pointed out that photovoltaic systems present a specific challenge for electrical safety, as the 
modules remain energized even when the system is formally switched off. They identified the most significant risks 
as: 

− electric shock, 
− electrical arc (Fig. 1), 
− fire caused by DC installations. 

 

Figure 1: Arc Fault in a Solar Power System 

Duroha and Macht [2] in 2023 further analyzed the risks during the installation and maintenance of solar systems. 
Their results showed that working at heights, manual handling of panels, and heat stress are common causes of oc-
cupational injuries in practice. Costa Lima et al. [3] demonstrated that system safety largely depends on the design 
itself, particularly on the layout of DC wiring and rapid shutdown systems. 
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2.3. Expansion to Social and Organizational Aspects (2022–2024) 

Bonilla-Alicea and Fu [10] in 2022 expanded the research focus from purely technical issues to the social aspects of 
photovoltaic system implementation. Their analysis indicated that the sustainability of photovoltaic systems also in-
cludes issues such as: 

− working conditions, 
− resource availability, 
− regional inequalities 

Adekanmbi et al. [6] in 2024 demonstrated that risks associated with photovoltaic systems exist across all phases of 
the life cycle, from manufacturing to recycling. They particularly emphasized the issue of the growing volume of solar 
panel waste. At the same time, contemporary HSE approaches [9] highlight the need to integrate health protection, 
environmental protection, ergonomic principles (Fig. 2), and organizational safety into a unified risk management 
system. 

 

Figure 2: Example of Work Activities During Photovoltaic System Installation 

2.4.  Contemporary Trends (2025–2026) 

Recent research further shifts the focus from individual hazards toward integrated risk management. Shafira and Ab-
adi [8] in 2025 developed an HSEE approach in which technical and human factors are considered jointly. Studies on 
waste management [11, 12] emphasize that solar panel recycling is becoming one of the key sustainability issues in 
the solar industry. Contemporary works [13, 15] highlight the importance of: 

− digital monitoring of components,  
− supply chain transparency, 
− predictive maintenance. 

Zafar et al. [7] show that social risks are increasingly becoming as important as technical factors. The regulatory frame-
work [14] further confirms the need for systematic management of waste and hazardous materials. 

3. METHODOLOGY 

A systematic literature review method was applied in this study, combined with a semi-quantitative risk assessment 
approach. The literature was collected from relevant scientific databases and analyzed to identify key risks associated 
with photovoltaic systems. 

3.1. Risk Аssessment Мethod 

For the assessment of identified risks, a semi-quantitative likelihood–severity matrix method was applied (Likelihood 
Severity Matrix). The overall risk level was determined as the product of these two parameters: 

 R P S= ×                                 (1) 

where R is the risk level, P is the probability of occurrence, and S is the severity of the consequence. 

3.2. Assessment Criteria 

The parameter values were determined based on: 
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− frequency of occurrence in the literature 
− severity of consequences 
− the system life cycle phase 

3.3. Determination of probability and consequence parameters 

The values of the probability of risk occurrence (P) and severity of consequence (S) were determined based on a com-
parative analysis of findings from available literature. When assigning numerical values, the following were taken into 
account: 

− the frequency of occurrence of a particular risk in the analyzed studies, 
− the severity of consequences described in the literature, 
− the phase of the life cycle in which the risk occurs, 
− the number of authors who identify the same risk as significant. 

The probability was estimated based on the relative frequency of risk occurrence in published studies, while the se-
verity of the consequence was determined according to its potential impact on: 

− human health, 
− system safety, 
− the environment, 
− organizational sustainability. 

In this way, a semi-quantitative assessment was obtained, enabling the comparison of different risk categories within 
a unified model. 

4. CONCEPTUAL FRAMEWORK FOR RISK ASSESSMENT 

To systematize the identified hazards, a conceptual framework for the integrated risk assessment of photovoltaic sys-
tems was developed, as shown in Figure 3. The proposed model is based on the system life cycle as the fundamental 
analytical unit and links technical, health-environmental, and social dimensions of risk into a unified assessment ap-
proach. In this way, it is possible to consider the interrelationship of different factors that determine the overall level 
of safety and sustainability of photovoltaic installations. 

 

Figure 3: Conceptual framework for integrated risk assessment of photovoltaic systems 

The presented model illustrates the interrelationship between technical, health-environmental, and social risks 
throughout the entire life cycle of a photovoltaic system. The model shows that individual risks do not act in isolation, 
but rather their interaction determines the overall level of system safety and sustainability. 

The proposed conceptual framework shows that risk assessment in photovoltaic systems cannot be based solely on 
technical parameters. An electrical failure can simultaneously cause worker injury, environmental damage, and eco-
nomic consequences, while inadequate working conditions can increase the likelihood of technical incidents. For this 
reason, it is necessary to apply an integrated risk management approach that covers all phases of the system life cycle. 
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5. RISK ASSESSMENT OF PHOTOVOLTAGE SYSTEMS 

Based on the conceptual framework presented in Figure 3, a semi-quantitative assessment of the most significant 
risks in photovoltaic systems was performed. The assessment was carried out using a risk matrix based on the proba-
bility of an adverse event occurring and the severity of its consequences. This approach enables systematic risk rank-
ing and the identification of areas where priority implementation of control measures is necessary. 

Table 1: Semi-quantitative risk assessment of photovoltaic systems 

Identified risk Risk category Probability (P) Consequence (S) 
Risk value 

(R=P×S) 
Risk 
level 

Priority of 
measures 

Electric shock Technical 3 3 9 Critical Immediate 

Electric arc Technical 2 3 6 High High 

Fall from height Operational 3 3 9 Critical Immediate 

Heat stress Health-related 2 2 4 Medium Planned 

Chemical exposure Health-environ-
mental 2 3 6 High High 

Waste panels Environmental 2 3 6 High High 
Inadequate  

working conditions Social 2 2 4 Medium Planned 

The values of probability and consequence were determined using a three-level scale, where the value 1 indicates a 
low level, the value 2 a medium level, and the value 3 a high level of the assessed parameter. The total risk value was 
obtained as the product of probability and consequence, where a higher value indicates a higher priority for the im-
plementation of preventive measures. 

The results presented in Table 1 show that the highest level of risk in photovoltaic systems is represented by electric 
shock and working at height, which are classified as critical risks due to their high likelihood of occurrence and severe 
consequences for worker safety [1, 2]. The group of high risks includes electric arc, chemical exposure, and waste 
panel management, as these can cause long-term negative impacts on human health and the environment [4, 11, 
12]. Social factors and heat stress are assessed as medium risks; however, their long-term neglect may indirectly in-
crease the overall level of system safety vulnerability [7, 10]. 

6. DISCUSSION 

The analysis of the available literature shows that risks in photovoltaic systems cannot be adequately assessed if they 
are considered in isolation, as there is a pronounced interdependence between technical, health, environmental, and 
organizational factors. Technical failures, such as electric arcs, installation damage, or component overheating, can 
have direct consequences for worker safety through an increased risk of electric shock, fire, or injuries during system 
maintenance. At the same time, such incidents can also lead to indirect consequences, including system downtime, 
economic losses, infrastructure damage, and negative environmental impacts due to the release of hazardous sub-
stances or the generation of hazardous waste. 

Particularly important is the fact that modern safety management approaches highlight the need for integrating dif-
ferent disciplines in the risk assessment process. Traditional models, which were predominantly focused on the tech-
nical reliability of systems, are no longer sufficient for understanding the complexity of modern photovoltaic instal-
lations. For this reason, integrated approaches that combine engineering design, occupational health protection, en-
vironmental management, and organizational safety procedures are increasingly being applied. Such models enable 
the timely identification of potential hazards and the development of more effective preventive measures through-
out all phases of the system life cycle. 

In addition to technical and environmental aspects, social factors are also becoming increasingly important in influ-
encing the overall sustainability of the solar industry. Working conditions during the production, installation, and 
maintenance of photovoltaic systems directly affect employee safety levels and system reliability during operation. 
Inadequate worker training, lack of protective equipment, poor work organization, or insufficiently developed regu-
latory mechanisms can increase the likelihood of incidents and reduce the effectiveness of protective measures. Fur-
thermore, global supply chains and the growing production of solar equipment raise additional issues related to eth-
ical manufacturing, sustainable resource management, and the long-term social responsibility of companies operat-
ing in the renewable energy sector. 

The obtained results confirm that the sustainability of photovoltaic systems should not be viewed solely through 
energy efficiency and the reduction of greenhouse gas emissions, but also through the system’s ability to simultane-
ously ensure technical reliability, worker safety, environmental protection, and socially responsible management 
throughout the entire life cycle. 
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7. CONCLUSION 

Photovoltaic systems represent an important element of the modern energy transition and play a key role in reducing 
dependence on fossil fuels and achieving sustainable development goals. However, the results of the analyzed liter-
ature show that their widespread application simultaneously involves a complex set of interrelated technical, health, 
environmental, and social risks that arise throughout the entire life cycle of the system. Therefore, the safety and 
sustainability of photovoltaic systems cannot be viewed solely through energy efficiency or the reduction of green-
house gas emissions, but require an integrated risk management approach. This paper developed a conceptual 
model for integrated risk assessment that links different categories of hazards across the stages of production, instal-
lation, operation, maintenance, and decommissioning of photovoltaic systems. 

A particular contribution of this paper lies in integrating multiple risk assessment approaches into a unified analytical 
framework that enables a more comprehensive understanding of the interrelationships among technical, organiza-
tional, and environmental aspects of photovoltaic systems. Such an approach can serve as a basis for developing 
more effective safety management strategies, improving regulatory procedures, and implementing more sustainable 
technologies in the renewable energy sector. 

ACKNOWLEDGEMENTS 

This work has been supported by the Ministry of Science, Technological Development, and Innovation of the Republic 
of Serbia, through the Contract for the scientific research financing in 2026, (Contract No. 451-03-34/2026-03/200108 
and 451-03-34/2026-03/200156) to build resilient infrastructure,  promote inclusive and sustainable industrialization, 
and foster innovation, which is the ninth goal of the UN’s 2030 Agenda of Sustainable Development. 

REFERENCES 

[1] J.R. White and M. Doherty, “Hazards in the installation and maintenance of solar panels”, Proceedings of the 
2017 IEEE IAS Electrical Safety Workshop (ESW), pp. 1-5, https://doi.org/10.1109/ESW.2017.7914834, (2017) 

[2] J.C. Duroha and G.A. Macht, “Solar installation occupational risks: A systematic review”, Safety Science, Vol. 160, 
p. 106048, https://doi.org/10.1016/j.ssci.2022.106048, (2023) 

[3] J.P. Costa Lima, A. da Cunha Lima, L.V. Bellinaso, and L. Michels, “Explanatory review about rapid shutdown sys-
tems and standards to increase safety in photovoltaic systems”, Proceedings of the 14th Seminar on Power Elec-
tronics and Control (SEPOC 2022), pp. 1-5, https://doi.org/10.1109/SEPOC54972.2022.9976424, (2022) 

[4] V.M. Fthenakis and P.D. Moskowitz, “Photovoltaics: Environmental, health and safety issues and perspectives”, 
Progress in Photovoltaics: Research and Applications, Vol. 8(1), pp. 27-38, https://doi.org/10.1002/(SICI)1099-
159X(200001/02)8:1<27::AID-PIP296>3.0.CO;2-8, (2000) 

[5] B. Bakhiyi, F. Labrèche, and J. Zayed, “The photovoltaic industry on the path to a sustainable future—Environ-
mental and occupational health issues”, Environment International, Vol. 73, pp. 224-234, 
https://doi.org/10.1016/j.envint.2014.07.023, (2014) 

[6] A.O. Adekanmbi, N. Ninduwezuor-Ehiobu, U. Izuka, A. Abatan, E.C. Ani, and A. Obaigbena, “Assessing the envi-
ronmental health and safety risks of solar energy production”, World Journal of Biology Pharmacy and Health 
Sciences, Vol. 17(2), pp. 225-231, https://doi.org/10.30574/wjbphs.2024.17.2.0080, (2024) 

[7] I. Zafar, V. Stojceska, and S. Tassou, “Social sustainability assessments of industrial level solar energy: A system-
atic review”, Renewable and Sustainable Energy Reviews, Vol. 189, p. 113962, 
https://doi.org/10.1016/j.rser.2023.113962, (2024) 

[8] D.A.I. Shafira and I. Abadi, “A study on health, safety, environment, and ergonomics (HSEE) in solar power plant”, 
Journal of Engineering and Applied Technology, Vol. 6(1), pp. 18-26, 
https://doi.org/10.21831/jeatech.v6i01.84689, (2025) 

[9] S. Mirabal, R. Datar, and A.M. Garcia, “Health, safety and environment (HSE) manual for solar parks in India”, 
Standard Operational Procedures for Solar Parks, Vol. IV, IBF International Consulting, EQO-NIXUS (OCA Global), 
and IDOM, https://www.eeas.europa.eu/sites/default/files/vol_4_health_safety_and_environment_manual.pdf, 
(2019) 

[10] R.J. Bonilla-Alicea and K. Fu, “Social life-cycle assessment (S-LCA) of residential rooftop solar panels using chal-
lenge-derived framework”, Energy, Sustainability and Society, Vol. 12, p. 7, https://doi.org/10.1186/s13705-022-
00332-w, (2022) 

[11] W. Luo, Y.S. Khoo, A. Kumar, J.S.C. Low, Y. Li, Y.S. Tan, Y. Wang, A.G. Aberle, and S. Ramakrishna, “A comparative 
life-cycle assessment of photovoltaic electricity generation in Singapore by multicrystalline silicon technolo-
gies”, Solar Energy Materials and Solar Cells, Vol. 174, pp. 157-162, https://doi.org/10.1016/j.sol-
mat.2017.08.040, (2018) 



Vol. 5 • (2026) • No. 1 Engineering Today 

 FMCE Kraljevo 49 

[12] D. Mulvaney, “Solar power: Innovation, sustainability, and environmental justice”, University of California Press, 
Berkeley (USA), https://doi.org/10.2307/j.ctvd1c6zh, (2019) 

[13] Occupational Safety and Health Administration, “Green job hazards-Solar energy”, U.S. Department of Labor, 
[Online]. Available: https://www.osha.gov/green-jobs/solar 

[14] European Parliament and the Council of the European Union, “Directive 2012/19/EU of the European Parlia-
ment and of the Council of 4 July 2012 on waste electrical and electronic equipment (WEEE) (recast)”, Official 
Journal of the European Union, L 197, pp. 38-71, (2012) 

[15] A. Louwen and Ch. Schill, “Digitalisation and digital twins in photovoltaic systems”, A. Louwen, Ch. Schill, L.S. 
Bruckman, and U. Jahn (Eds.), IEA PVPS Task 13, Report No. T13-34:2026, ISBN 978-1-7642902-6-5, 
https://doi.org/10.69766/RMPH3089, (2026) 


