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Abstract. Sustainability and climate change represent increasingly critical 
challenges for contemporary society. This reality demands the development of low 

environmental impact products and production processes, with particular attention 

to reducing CO2 emissions. To achieve this goal, it is essential to gain an in-depth 
understanding of the environmental impact associated with each product and 

production process. In this regard, the calculation of the environmental impacts 

through LCA (Life Cycle Assessment) model applied to marine components has 
been performed, with a specific focus on two sailing ropes used in sailboats. LCA 

was conducted following the PCR (Product Category Rules) specific to the maritime 

sector with the aim of developing an EPD (Environmental Product Declaration) 
under the ISO 14025 standard. Three different lifecycle phases were analyzed, i.e., 

Upstream, Core, and Downstream, representing the main phases involved in 

products lifetime. Particular attention was paid to estimating the impact of 
transportations, both from the supplier to the manufacturer and from the 

manufacturer to the final customer. This study highlighted the added value provided 

by the evaluation of various environmental impact categories, including aquatic 
ecosystems, acidification, and water usage, in addition to the well-known Global 

Warming Potential (GWP). The results revealed that most of the impacts are 

generated during the Upstream processes, which include raw material extraction and 
associated transportation. In conclusion, this study emphasizes the importance of the 

LCA methodology, which provides a detailed assessment of environmental impacts 

across multiple indicators. 
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1. Introduction  

The maritime sector plays a fundamental role in the global economy, supporting 

international trade and mobility. However, it also generates substantial environmental 

impacts throughout the ship life cycle, from construction to decommissioning, which can 

be evaluated through Life Cycle Assessment (LCA), a science-based methodology for 

quantifying environmental burdens [1]. In naval applications, LCA enables the 

identification and mitigation of impacts, fostering sustainable development within the 
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industry [2]. To date, most LCA studies in the nautical sector have focused on vessels as 

whole systems [3,4], with the goal of generating reference data and guiding sustainability 

decisions. This study addresses a less-explored area: the environmental analysis of naval 

components, specifically ropes used in sailing and motor vessels. The aim is to raise 

awareness among maritime stakeholders on the value of LCA for responsible resource 

management and transparent production processes [5]. Particular attention is given to the 

analysis of greenhouse gas emissions and issues related to climate change, highlighting 

the environmental performance of different materials used in rope manufacturing. 

2. Materials and Methods 

This study presents a detailed LCA calculation of nautical ropes produced by Armare 

S.r.l., a key supplier in the maritime sector [6]. As no specific Product Category Rules 

(PCR) exist for ropes, the assessment followed the naval PCR framework [7,8], ensuring 

methodological consistency and result reproducibility. The analysis was conducted in 

accordance with ISO 14040 [9], ISO 14044 [10], and GPI 4.0 [11], and was 

independently verified by a third-party certification body.  

The environmental impact analysis was conducted using the SimaPro v9.5.0.0 software 

and the Ecoinvent v3.9.1 database, both widely recognized for reliability and accuracy. 

Two nautical ropes were investigated: Dyneforce 78, made with high-tenacity 

polyethylene (UHMWPE) yarn, with a 6 mm diameter, 4.995 daN breaking load, and a 

mass of 24 g per meter; and Star, made with high-tenacity polyester yarn, with a 10 mm 

diameter, 2.450 daN breaking load, and 75 g per meter. For both, the functional unit 

adopted was 1 meter of rope, enabling a consistent basis for comparison across the study. 

The two ropes follow different production processes. Dyneforce 78 is made from 12 

strands of Dyneema® yarns, processed through twisting, braiding, heat treatment, and 

final impregnation with a polyurethane-based coating. Star, in contrast, is a double-

braided polyester rope manufactured through twisting and braiding operations. The LCA 

model accounts for the environmental impact of each manufacturing phase, including 

packaging. For Dyneforce 78, packaging consists of a 320 g spool (polypropylene and 

polystyrene) holding 200 meters of rope, while Star uses a larger 650 g spool. Packaging 

was divided into specific and generic types: the spool was modelled as specific packaging, 

while generic packaging includes cardboard boxes, polyethylene film, and adhesive tape. 

Although generic packaging represents less than 1% of the final product weight and is 

excluded from content declarations per GPI 4.0 [11], it was included in the impact 

calculations. 

To ensure a comprehensive LCA, environmental data were classified into three 

categories: specific, selected generic, and proxy data, in accordance with GPI 4.0 [11]. 

Specific data, also referred to as primary data, were directly collected from the rope 

production facility and include measurements related to process inputs, energy use, and 

waste. Proxy data, used only in maintenance-related activities, were derived from 

secondary sources that do not fully meet the quality requirements defined for selected 

generic data; their use remained below the 10% threshold, as prescribed by PCR rules. 

Selected generic data, meeting high standards for completeness, representativeness, and 

methodological rigor, were applied to model Dyneema®, which is not available in the 

Ecoinvent database. Its base chemical structure and production pathway were 

reconstructed from recent literature [12]. Dyneforce ropes are manufactured via a 

patented gel spinning process [13], whereby the UHMWPE polymer is not extruded as a 
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molten mass but spun from a gel due to its extremely high molecular weight, which 

prevents conventional melt processing. The conducted LCA analysis follows a cradle-

to-grave system boundary, encompassing all upstream, core, and downstream processes, 

as specified by the relevant PCR [8]. The cradle-to-grave system boundaries for the two 

nautical ropes under investigation are reported in Figure 1 and Figure 2. 

 
Figure 1. System boundaries of nautical rope “Dyneforce 78”  

 

Figure 2. System boundaries of nautical rope “Star”  

Flows excluded under the <1% cut-off rule include the transport of polymers used to 

produce packaging materials and the raw inputs for cardboard and wooden packaging. 

The LCA was developed using an attributional approach, with environmental burdens 

allocated based on product mass. In multi-output processes, a mass-based allocation 

criterion was adopted to distribute impacts among co-products. The life cycle inventory 

(LCI) was built using company accounting records, invoices, and utility bills from 2023, 

referring to the full 12-month period of 2022. Primary data were used for all core-phase 

operations, with site-specific measurements taken at the production facility. For energy-

related impacts, the ecoinvent Italian residual mix was adopted as the reference 

electricity profile for core processes. Given the variability in rope diameters and 

associated energy requirements, direct measurements were taken on the machinery 

during the processing of Dyneforce 78 and Star ropes. Energy consumption was then 

allocated based on the formula: 
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where each term represents the energy consumed during each operation, and the 

allocation was made relative to the mass of rope processed during each phase. This 

approach allowed for precise estimation of the specific energy consumption per product, 

ensuring greater accuracy in energy-related environmental impact calculations. For the 

end-of-life phase, both ropes and their plastic-based packaging were modelled using 

global municipal waste management data from the 2024 Global Waste Management 

Outlook [14], where the waste treatment scenario considered 48.4% landfill, 21% 

incineration, and 30.6% recycling. It was assumed that discarded ropes are typically 

routed through municipal waste systems at marinas or ports. Environmental leakage was 

excluded from the model, as it is neither controlled nor reliably quantifiable. Table 1 

illustrates the breakdown of the upstream, core, and downstream phases for the two 

nautical ropes. 

Table 1: Breakdown of main LCA phases 
Upstream  Core  Downstream 

- Raw material extraction and production fibre 

production 

- Semi-finished product production 

- Reuse processes of materials from other 

production activities 

- Production of packaging for distribution and 

consumption 

- Production of maintenance materials for central 

processes 

- Generation of electricity and production of 

fuels, steam and other energy carriers used in 

upstream processes 

- Production of semi-products used in central 

processes 

- Transport outside the core processes (including 

electricity generation production of fuels and 

other energy carriers used in this transport) 

- Generation of electricity and 

production of fuels, steam and 

other energy carriers used in main 

processes 

- Production of semi-finished 

products 

- Rope assembly: twisting and 

braiding 

- Heat treatment 

- Surface treatment: impregnation 

of the top- packaging process, 

- Plant and machine maintenance 

- Treatment of waste generated 

during production 

 

- Transport of the product to 

the retailer/consumer 

- Use of the product, e.g. use of 

electricity or water, use 

activities that cause direct 

emissions, maintenance 

activities, and 

- End-of-life treatment of the 

used product and its 

packaging, including transport 

- Generation of electricity and 

production of fuels, steam and 

other energy carriers used in 

downstream processes. 

 

3. Results and Discussion 

Table 2 and 3 report the results of the life cycle impact assessment for the products under 

examination, i.e., the Dyneforce 78 nautical rope made of polyethylene (UHMWPE) and 

the Star nautical rope made of polyester. 

Table 2. Life Cycle Impact Assessment results of rope model “Dyneforce 78” 
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Table 3. Life Cycle Impact Assessment results of rope model “Star” 

 

The interpretation, conducted in line with ISO 14044 [10], includes the identification of 

key impact contributors, completeness verification, sensitivity and data quality 

assessments, and consistency checks against sector benchmarks. It concludes with final 

considerations, limitations, and recommendations. Figure 3 illustrates the gravity 

analysis for the Dyneforce 78 rope (6 mm diameter), highlighting the key environmental 

hotspots. As expected, fiber production emerges as the primary contributor across most 

impact categories, mainly due to the energy-intensive processes required to manufacture 

UHMWPE. In addition, the detailed assessment of operational energy consumption 

shows that electricity used during the coating and stretching phases also contributes 

significantly to the overall impact, particularly when compared to the other 

manufacturing steps. 

 

Figure 3. Dyneforce gravity analysis  
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Figure 4 presents the gravity analysis for the Star rope (10 mm), confirming that fiber 

production is the most impactful phase across all categories. The second-largest 

contributor is the electricity used during the braiding process, as revealed by the detailed 

energy consumption breakdown. 

 

Figure 4. Star gravity analysis 

To evaluate the effect of the polymer composition used in the coating of Dyneforce 78, 

a sensitivity analysis was conducted using a 50/50 mix of polyurethane and epoxy resin. 

The results showed minimal variation in environmental impact, supporting the validity 

of the assumed average composition and confirming that this parameter does not affect 

significantly the overall footprint. The sensitivity analyses showed that variations in 

results remained below 1%, confirming the robustness of the model. Proxy data use was 

limited to less than 10%, fully complying with the applicable guidelines. The only critical 

issue identified during the consistency check concerned the modeling of Dyneema®’s 

raw material, which required reconstructing the full production pathway from polymer 

granulates. This modeling was performed carefully, based on scientific literature and 

relevant patents filed by the fibers’ manufacturer, as previously reported. 

4. Conclusion 

This study assessed the environmental impacts of two nautical ropes, i.e., Dyneforce 78 

(UHMWPE) and Star (polyester), through Life Cycle Assessment. Fiber production was 

identified as the primary contributor to overall impacts in both cases. For Dyneforce 78, 

energy-intensive coating and heat-setting stages were particularly relevant, while for 

Star, braiding emerged as the most impactful process. The sensitivity analysis on 

Dyneforce’s polymer composition confirmed that coating formulation has a negligible 

effect, with variations under 1%. The end-of-life phase was modelled using a realistic 

disposal scenario: 48.4% landfill, 21% incineration, and 30.6% recycling. The cradle-to-

grave framework allowed for the identification of environmental hotspots and potential 
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areas for improvement. Future research should explore material and process optimization 

to further reduce impacts without compromising rope performance. This work 

contributes original data to the LCA literature on nautical components and offers 

practical insights for more sustainable design in the maritime sector. 
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