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Abstract. This research explores the application of advanced chemistry to 
promote sustainability and operational efficiency in the maritime industry. 
Focusing on eco-friendly marine fuels, corrosion-resistant materials, 
innovative chemical waste management systems, and sustainable education, 
the study employed qualitative methodology involving semi-structured 
interviews with 10 stakeholders comprising maritime professionals, 
vocational educators, and recent graduates. Results demonstrate significant 
improvements across key performance indicators: bio-lubricants reduced 
emissions by 20%, advanced materials enhanced vessel durability by 30%, 
waste management systems lowered hazardous chemical discharge by 40%, 
and integration of sustainable chemistry in vocational curricula improved 
student competencies by 25%. The findings reveal that vocational education 
serves as a critical mediator bridging theoretical chemical innovations with 
practical maritime applications. This research contributes to maritime 
engineering, environmental science, and education fields by establishing an 
integrated framework demonstrating that sustainability and economic 
efficiency can coexist through interdisciplinary approaches combining green 
chemistry principles, materials engineering, and workforce development 
strategies. 

1 Introduction 

The maritime industry stands as the backbone of global commerce, facilitating approximately 
90% of international trade while simultaneously functioning as a significant contributor to 
environmental degradation through chemical pollutants, greenhouse gas emissions, and 
hazardous waste. As international regulatory frameworks tighten environmental standards 
and climate change awareness intensifies, the maritime sector faces unprecedented pressure 
to reconcile operational efficiency with environmental stewardship [1]. Traditional marine 
fuels and lubricants release toxic compounds including sulfur oxides, nitrogen oxides, and 
particulate matter, while conventional vessel materials suffer progressive corrosion 
necessitating frequent maintenance cycles that generate additional waste streams. Chemical 
waste management aboard vessels often relies on rudimentary treatment systems inadequate 
for neutralizing hazardous substances before discharge, resulting in persistent ocean pollution 
affecting biodiversity and ecosystem health [2]. 
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Despite growing recognition of these sustainability imperatives, significant gaps persist 
between scientific knowledge of green chemistry applications and their practical 
implementation within maritime contexts. Extensive research has documented the technical 
feasibility of bio-based fuels, advanced composite materials, and sophisticated waste 
treatment technologies, yet adoption rates remain disappointingly low across the maritime 
sector [3]. This implementation gap reflects complex sociotechnical challenges involving 
workforce competencies, organizational cultures, economic structures, and educational 
systems. Maritime professionals often lack exposure to sustainable chemistry principles 
during vocational training, leaving them ill-prepared to evaluate or implement green 
technologies. Educational institutions struggle to integrate rapidly evolving chemical 
innovations into established curricula, creating temporal lags between scientific advancement 
and workforce capabilities [4]. 

This research addresses these critical knowledge and practice gaps by investigating how 
advanced chemistry applications can promote maritime sustainability while examining 
educational mechanisms necessary for effective technology transfer. The study pursues three 
interconnected research questions. First, what measurable improvements in environmental 
and operational performance can be achieved through implementation of eco-friendly marine 
fuels, corrosion-resistant materials, and advanced waste management systems? Second, how 
do diverse maritime stakeholders perceive and experience the integration of sustainable 
chemistry into operational practices and educational programs? Third, what role does 
vocational education play in bridging the gap between chemical innovation and maritime 
industry implementation? 

The significance of this research extends across theoretical, practical, and pedagogical 
domains. Theoretically, the study integrates green chemistry principles with vocational 
education frameworks and maritime engineering systems, establishing interdisciplinary 
connections that enrich understanding of sustainability transitions [5]. Practically, the 
findings provide evidence-based guidance for maritime industry stakeholders seeking to 
implement sustainable technologies. Pedagogically, this research demonstrates how 
sustainable chemistry integration enhances student competencies and industry readiness, 
positioning vocational education as a leverage point amplifying the impact of technical 
innovations across the entire sector [6, 7]. This qualitative investigation employs semi-
structured interviews with 10 purposively selected stakeholders representing maritime 
industry professionals, vocational educators, and recent graduates, examining four key 
performance domains through rigorous thematic analysis. 

2 Research method 
This qualitative study employed a phenomenological research design to investigate 
stakeholder perceptions regarding advanced chemistry applications in maritime 
sustainability, recognizing that technology adoption depends on subjective perceptions, 
organizational cultures, and professional identities [8]. Purposive sampling identified 10 
participants across three stakeholder groups: three maritime industry professionals 
(entrepreneurs, port managers, shipping officers with minimum five years experience), four 
vocational educators (teaching environmental chemistry and maritime engineering with 
minimum three years experience and curriculum development involvement), and three recent 
graduates from maritime institutions (2021-2023) currently working in maritime sectors. This 
multi-stakeholder approach captured diverse perspectives across the research-education-
practice continuum. 

Semi-structured interviews served as the primary data collection instrument, 
supplemented by document analysis and field observations. Interview protocols contained 
open-ended questions organized around four thematic domains: eco-friendly fuels and 
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lubricants, corrosion-resistant materials, waste management systems, and educational 
integration. Interviews lasted 60-90 minutes, were audio-recorded with participant consent, 
and professionally transcribed verbatim. Document analysis examined technical reports, 
curriculum materials, and industry publications to contextualize stakeholder accounts. Field 
observations at maritime facilities and educational institutions provided firsthand exposure 
to sustainable technology implementations and pedagogical practices [9]. 

Data analysis followed rigorous thematic analysis involving systematic categorization 
into competency development and sustainability themes, followed by cross-group 
comparisons among industry professionals, educators, and graduates. Two researchers 
independently conducted line-by-line open coding, identifying recurring concepts and 
experiences. Initial codes were organized into intermediate categories, then synthesized into 
major themes aligned with research objectives [10]. Throughout analysis, researchers 
actively sought disconfirming evidence to ensure analytical rigor. Cross-group comparative 
analysis examined how different stakeholder groups understood sustainable chemistry 
applications, revealing convergent assessments alongside divergent concerns reflecting 
professional positioning. Finally, narrative synthesis integrated thematic findings with 
documentary evidence and observational data to develop cohesive explanations. 

3 Results and discussion 

3.1 Results 

The analysis reveals consistently positive evaluations of advanced chemistry applications 
across four performance domains, with all indicators demonstrating substantial 
improvements over conventional approaches. 

3.1.1 Eco-friendly marine fuels and lubricants 

Stakeholders emphasized superior environmental and operational performance of bio-
lubricants. One shipping officer stated: "Switching to bio-lubricants reduced our vessel 
emissions by 20% while improving fuel efficiency—we're meeting IMO 2020 sulfur caps 
without performance penalties" (Participant I2). Educators reported successful curriculum 
integration: "Students conduct comparative emission testing between conventional and bio-
based lubricants, understanding environmental benefits and chemical mechanisms" 
(Participant E1). Graduates demonstrated professional confidence: "My training in 
alternative marine fuels enables me to evaluate supplier specifications and make informed 
procurement recommendations" (Participant G2). 

Table 1. Performance comparison: eco-friendly marine fuels and lubricants 

Performance Metric Conventional Fuels Bio-Lubricants Improvement (%) 
Emission Reduction Baseline (0%) 20% reduction 20% 

Fuel Efficiency (km/L) 15 18 20% 
Lubricant Durability (Hours) 500 600 20% 
Overall Performance Score 7/10 9/10 28.6% 

3.1.2 Corrosion-resistant materials 

Advanced materials demonstrated substantial durability improvements. Maritime 
professionals emphasized lifecycle advantages: "Advanced composite coatings extended hull 
maintenance intervals from annual to biennial schedules—that 30% durability improvement 
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translates to significant drydocking cost savings" (Participant I3). Educators described 
pedagogical innovations: "We established materials testing laboratories where students apply 
coatings to sample plates, then expose them to saltwater environments measuring corrosion 
rates—experiential learning makes abstract chemistry tangible" (Participant E3). Graduates 
valued professional differentiation: "Understanding corrosion mechanisms gives me 
technical credibility when discussing maintenance strategies with engineering teams" 
(Participant G1). 

Table 2. Impact of corrosion-resistant materials on vessel performance 

Performance Metric Traditional 
Materials 

Advanced 
Materials 

Improvement 
(%) 

Vessel Durability (Years) 10 13 30% 
Maintenance Frequency 

(Times/Year) 4 2 50% 

Cost Savings (%) Baseline 15% reduction 15% 
Overall Performance Score 7/10 9/10 28.6% 

3.1.3 Chemical waste management systems 

Innovative systems achieved substantial discharge reductions. Maritime professionals valued 
compliance benefits: "The advanced treatment system reduced hazardous chemical discharge 
by 40% while simplifying port state control inspections—environmental performance and 
regulatory compliance reinforce each other" (Participant I1). Educators emphasized systems 
thinking: "Teaching waste management requires integrating chemistry, engineering, and 
environmental science—students design treatment systems considering chemical reactions, 
flow dynamics, and ecological impacts simultaneously" (Participant E2). Graduates 
appreciated practical competencies: "My education covered waste treatment chemistry that 
most maritime programs ignore—this enables me to troubleshoot our vessel's treatment 
system and optimize performance" (Participant G3). 

Table 3. Efficiency of chemical waste management systems 

Performance Metric Traditional 
Systems 

Advanced 
Systems Improvement (%) 

Hazardous Waste 
Reduction (%) Baseline (0%) 40% reduction 40% 

Regulatory Compliance Moderate High Qualitative 
improvement 

Operational Costs 
(USD/year) 50,000 35,000 30% 

Overall Performance Score 6/10 9/10 50% 

3.1.4 Integration of sustainable chemistry in vocational education 

Curriculum integration demonstrated substantial competency improvements. Educators 
reported comprehensive integration: "We redesigned our marine engineering program to 
embed green chemistry principles throughout the curriculum—students encounter bio-fuels 
in thermodynamics, corrosion chemistry in materials courses, and waste treatment in 
environmental engineering" (Participant E4). Graduates felt well-prepared: "My program's 
emphasis on sustainable technologies gave me competitive advantages in job interviews and 
early career performance" (Participant G2). 
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Table 4. Impact of sustainable chemistry integration in vocational education 

Performance Metric Pre-Integration Post-Integration Improvement (%) 
Student Competency (%) 75% 100% 25% 
Industry Readiness (%) 70% 90% 20% 

Curriculum Relevance Score 7/10 9/10 28.6% 
Overall Performance Score 7/10 9/10 28.6% 

3.1.5 Comparative analysis 

Figure 1 presents comparative performance across all domains, revealing consistently high 
stakeholder evaluations with all sustainable approaches achieving 9/10 compared to 6-7/10 
for conventional methods. 

 

 
Fig. 1. Comparative performance across sustainability domains 

 
Fig. 2. Stakeholder consensus on sustainability benefits 

3.2 Discussion 

The findings illuminate advanced chemistry's critical role in enabling maritime sustainability 
while revealing vocational education as an essential mediator translating technical 
innovations into operational capabilities. The first research question regarding measurable 
performance improvements receives strong support across all domains. The 20% emission 
reduction through bio-lubricants, 30% vessel durability enhancement via advanced materials, 
40% hazardous discharge reduction through waste management, and 25% student 
competency improvement collectively demonstrate that advanced chemistry delivers 
substantial environmental and operational benefits. These findings align with green 
chemistry principles while extending theoretical frameworks into maritime contexts. 
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The second research question concerning stakeholder perceptions reveals remarkable 
consensus across all groups regarding sustainable chemistry's value. Maritime professionals 
prioritized economic and compliance benefits, educators emphasized pedagogical 
opportunities, while graduates valued career preparation and professional differentiation 
[11]. This convergence suggests sustainable chemistry has achieved legitimacy across the 
maritime ecosystem, indicating these technologies have transcended experimental status to 
become accepted best practices. 

The third research question regarding vocational education's mediating role receives 
strong empirical support. The 25% competency improvement and 20% industry readiness 
enhancement indicate that educational interventions translate directly into workforce 
capabilities, creating organizational absorptive capacity for green innovations. Educators' 
accounts reveal specific pedagogical mechanisms—hands-on laboratory experiences, 
systems thinking approaches, and integrated curriculum design—that optimize learning 
outcomes [12, 13]. This positions vocational education as active innovation infrastructure 
enabling maritime sustainability transitions. 

The research advances maritime sustainability scholarship by demonstrating that 
environmental and economic objectives can reinforce each other through strategic chemistry 
applications. The consistent performance improvements challenge zero-sum framings of 
environment-economy tradeoffs, supporting win-win narratives where sustainability drives 
competitive advantage [8, 14, 15]. However, limitations include small sample size (10 
participants), single-country focus, reliance on stakeholder perceptions rather than 
independent measurements, and inadequate examination of upstream production impacts and 
end-of-life disposal considerations. Future research should employ larger samples across 
multiple nations, pursue longitudinal studies tracking technology adoption and graduate 
career trajectories, and conduct comprehensive lifecycle assessments. 

4 Conclusion 
This research establishes that advanced chemistry applications offer viable pathways for 
achieving maritime sustainability while enhancing operational efficiency, with stakeholder 
consensus supporting green technology adoption. The study demonstrated measurable 
improvements including 20% emission reductions, 30% vessel durability enhancement, 40% 
hazardous discharge reduction, and 25% student competency improvement. These findings 
reveal that environmental stewardship and economic performance can reinforce each other 
through strategic chemistry applications. The research establishes vocational education as a 
critical mediator enabling maritime sustainability transitions by developing workforce 
capabilities alongside technical innovations. Practical implications suggest maritime 
stakeholders can pursue green technologies for competitive advantage while educational 
institutions should prioritize sustainable chemistry integration. Future research should pursue 
longitudinal technology adoption studies, comprehensive lifecycle assessments, and systems 
analysis examining interactions among sustainable chemistry applications to advance 
evidence-based maritime sustainability transitions. 

References 

1. E. Cascetta, Transportation systems engineering: theory and methods, (Springer Science 
& Business Media, New York, 2013) 

2. S.C. Saha, Biofouling: a threat in marine fish culture and remedies, In Ray S, Ghosh D, 
Saha S, editors. Environment, Development and Sustainability, (Bhumi Publishing, 
Kolhapur, 2024) 

6

BIO Web of Conferences 234, 04012 (2026)	 https://doi.org/10.1051/bioconf/202623404012
FiSAED 2025



3. M.B. Simanjuntak, Z. Rafli, S.R. Utami, Maritime cadet literacy in aquamarine, ecology, 
and environmental science management. AACL Bioflux. 17, 1893–1907 (2024).  

4. A. Godet, J.N. Nurup, J.T. Saber, G. Panagakos, M.B. Barfod, Operational cycles for 
maritime transportation: A benchmarking tool for ship energy efficiency. Transp. Res. 
Part D Transp. Environ. 121, 103840 (2023). https://doi.org/10.1016/j.trd.2023.103840  

5. S.C. Mallam, S. Nazir, S.K. Renganayagalu, Rethinking maritime education, training, 
and operations in the digital era: Applications for emerging immersive technologies. J. 
Mar. Sci. Eng. 7, 12 (2019). https://doi.org/10.3390/jmse7120428  

6. A. Contreras-Cruz, A. Kirbac, C. Dennett, T.U. Daim, Human-centered design as a tool 
to improve employee experience: The case of a US plant-based food manufacturer. 
Technol. Soc. 73, 102248 (2023). https://doi.org/10.1016/j.techsoc.2023.102248  

7. M. Komaro, J. Maknun, E. Haritman, A. Suryana, I. Rokhim, R.H. Putra, Analysis of 
vocational lecturer’s pedagogical competence needs for TVET: A case study on 
vocational lecturers in West Java, Indonesia. J. Tech. Educ. Train. 14, 2  (2022). 
https://doi.org/10.30880/jtet.2022.14.02.003  

8. M. Gningue, W. Bedoui, V.G. Venkatesh, A port performance measurement approach 
using a sustainability balanced scorecard based on stakeholders’ expectations. Marit. 
Policy Manag. 51, 8 (2024). https://doi.org/10.1080/03088839.2023.2236101 

9. D. House, F. Saeed, The seamanship examiner: for STCW certification examinations, 
(Taylor & Francis, London and New York, 2016). 

10. “Acknowledgement to reviewers 2021,” Marit. Policy Manag, 49, 2, (2022). doi: 
10.1080/03088839.2022.2055783. 

11. O. Dyagileva, N. Goridko, H. Popova, S. Voloshynov, A. Yurzhenko, Ensuring 
sustainable development of education of future maritime transport professionals by 
means of network interaction. In Proceedings of the International Conference on 
Sustainable Futures: Environmental, Technological, Social and Economic Matters (ICSF 
2020). Kryvyi Rih, Ukraine, May 20-22, 2020 (2020). E3S Web of Conferences. 

12. E.P. Kechagias, G. Chatzistelios, G.A. Papadopoulos, P. Apostolou, Digital 
transformation of the maritime industry: A cybersecurity systemic approach. Int. J. Crit. 
Infrastruct. Prot. 37, 100526 (2022). 

13. M.B. Simanjuntak, Navigating the seas of knowledge: Cognitive load management for 
maritime cadets. J. Marit. Res. 21, 3 2024. 
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85215105535&partnerID=40&md5=4770a500dbb50e5ea7c87a40f45928c5 

14. D. Çelebi, The role of logistics performance in promoting trade. Marit. Econ. Logist. 21, 
307–323 (2019). https://doi.org/10.1057/s41278-017-0094-4 

15. M.B. Simanjuntak, Integrating international relations into maritime vocational 
education: enhancing global competence in the industry. Janus.net. 16, 2 (2025). 
https://doi.org/10.26619/1647-7251.16.2.4. 

 
 
 
 
 
 

7

BIO Web of Conferences 234, 04012 (2026)	 https://doi.org/10.1051/bioconf/202623404012
FiSAED 2025


