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Abstract

Achieving the ambitious EU goals of zero-waste manufacturing requires innovative tools
and methodologies that address both efficiency and environmental sustainability. This
study presents a comprehensive methodology for assessing the efficiency and eco-efficiency
of industrial processes, in order to support zero-waste manufacturing strategies. The
proposed approach assesses critical performance metrics while integrating environmental-
impact analysis to provide a holistic view of process optimization. The methodology
was applied to two industrial use cases in the composites sector, a field with significant
environmental impact due to the resource-intensive nature of composite manufacturing
and challenges associated with the end-of-life management. By implementing this dual
assessment, the study identifies key areas for improvement in operational performance and
sustainability, offering actionable insights for process optimization and waste reduction.
The results reveal that labor costs emerged as the primary contributor to the total costs
for both use cases, more than 50%. On the other hand, the resin infusion phase accounts
for the majority of the environmental impacts, accounting for more than 70% of the total
impacts. This analysis highlights that eco-efficiency assessments, integrating environmental
and cost data, allow the identification of inefficiencies, helping industries to prioritize
improvement areas. In this specific case, the high environmental impact of resin infusion
needs enhanced waste monitoring and process optimization, while the labor-intensive
operations need streamlined workflows to reduce operational time and associated costs.
The present methodology intends to serve as a practical tool for industries aiming to balance
high-performance manufacturing with reduced environmental impact.

Keywords: eco-efficiency; efficiency; multi-layer stream mapping; zero-waste manufacturing

1. Introduction

The European Union (EU) has established ambitious goals under its sustainability
agenda, such as achieving carbon neutrality by 2050 and transitioning to a circular economy.
Within this context, the concept of zero-waste manufacturing emerges as a key enabler,
aiming to minimize waste, reduce defects, and enhance resource efficiency across produc-
tion processes [1]. Thus, sustainable manufacturing practices have become a key enabler to
enhance operational efficiency while mitigating the environmental impacts of industries.
Focusing in detail on zero-waste manufacturing (ZWM), this concept was created to sup-
port countries’ transition to a circular economy by developing manufacturing technologies
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and systems that eliminate waste through the entire manufacturing process [2]. Among the
different industries, the composites sector, characterized by its resource-intensive processes
and high environmental impact, faces unique challenges in aligning with these goals [3].
Composite manufacturing involves significant material waste and energy consumption,
as well as end-of-life management issues, which limit recycling and reuse capacity [4].
Consequently, there is an urgent need for tools that assess both process efficiency and eco-
efficiency, enabling industries to identify opportunities for improvement while supporting
decision-making aligned with EU sustainability targets [5]. Achieving these objectives
requires improving operational efficiency but also addressing environmental sustainability
through integrated assessment methodologies. In this context, eco-efficiency emerges as a
critical framework, since it integrates economic and environmental performance indicators
to evaluate the sustainability of manufacturing processes. This assessment will enable
the identification of processes that require improvement actions, supporting informed
decision-making regarding the selection of the most suitable technologies or approaches
to implement on the shop floor. By prioritizing improvement actions, risks and high in-
vestment costs are mitigated, allowing for focusing on process steps that will enhance the
overall performance, resource efficiency, and waste reduction.

Studies on efficiency and eco-efficiency assessment have been widely explored to
optimize industrial processes and minimize environmental impact. While efficiency assess-
ment focuses on evaluating resource utilization, energy consumption, and productivity to
improve operational performance [6], eco-efficiency assessment expands the scope by inte-
grating environmental performance into traditional efficiency metrics [7]. This approach
was globally promoted by the World Business for Sustainable Development in 1991 by
declaring that “eco-efficiency is achieved through the delivery of competitively priced
goods and services that satisfy human needs and bring quality of life while progressively
reducing environmental impacts of goods and resource intensity throughout the entire
life-cycle to a level at least in line with the Earth’s estimated carrying capacity” [8]. In
a more mathematical language, eco-efficiency evaluates the ratio of economic value gen-
erated to environmental impact caused, promoting practices that align with sustainable
development goals [9]. Tools such as Life-Cycle Assessment (LCA) and Material Flow
Analysis (MFA) are frequently applied for this purpose, enabling industries to measure
their environmental performance and identify areas for improvement [10]. In recent years,
hybrid models combining efficiency and environmental impacts have gained attention for
their holistic approach to process evaluation. For example, Lean-Green Manufacturing
integrates lean principles with eco-efficiency metrics to simultaneously address economic
and environmental challenges [11]. Recently, ref. [12] proposed an efficiency framework
based on a holistic approach, which combines different assessment methods and tools to
support improvement on a continuous basis and increase eco-competitiveness. Table 1
summarizes key frameworks identified in the literature, combining Value Stream Map-
ping (VSM), Water Scarcity Footprint (WSF) analysis, Data Envelopment Analysis (DEA),
multi-criteria decision analysis (MCDA), Life-Cycle Cost (LCC) and LCA, and Multi-layer
Stream Mapping (MSM). An industrial use case application linked to each framework is
also mentioned to highlight the applicability of these models.
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Table 1. Background on eco-efficiency models.

Eco-Efficiency

Reference Methodology Indicators Applications Advantages Disadvantages
Overall Equipment Beverage The reliance on simulated
Effectiveness manufacturing: uses ~ Transparent indicators rather than

M Lean—Green (OEE)/WSF,; proposed lean—green ~ methodology and real-world

arques h: VSM value-added rate framework to replicable. Possible to  implementation means
etal (2022)[12]  °Pproac : phcable. : P
and WSF (%V/A)/WSEF; simulate apply similar metrics  that the actual

production eco-efficiency in other processes. effectiveness in practice
volume/WSF improvements remains uncertain.

Technical and

CO;-equivalent

Food manufacturing
process improved

Direct link between
energy use and

Focused on

economic emissions (per unit ~8-23% in CO,eq mitigation; enerev-related impacts:
Iten et al. productivity and the  output) and process o Applicable to various 8y . pacts
eco-efficiency o Less emphasis on
(2021) [13] overall performance as through sectors; Quantifies . T
. i gh waste heat . material flows; Limited
environmental eco-efficiency impact of . )
impact indicators recovery, solar improvement LCA integration.
b heating, and biomass. measures
Resource/material Robust .
. . methodological
Rvb Ka- consumption Sector-level analysis inteeration: Off Mi 1
ybaczewska - . integration; Offers iss granular
L (electricity, coal, gas, of Polish " L.
Blazejowska & o . sector-specific process-level insights;
LCA and DEA etc.) and emissions manufacturing . . .
Masternak-Janus - recommendations for ~ Relies on publicly
(CO,, SO,, PM, (chemicals, metals, .. . . ..
(2021) [14] emissions, water use,  available Polish statistics.
waste), gross food, etc.) and material
value added. -
efficiency.
Comprehensive
17 eco-indicators, framework
defined as the ratio of UK food integrating LCA, Complex weighting
oD MDA envionmenl  Manucturing o RO xpertinput, Limited t
- . . (confectionery) . 4
impacts to economic benchmarking; UK market data.
value added Product-level and
sector-level analysis.
Combines LCA and
Packaging laminate LCC for holistic
Joachimiak- Materials, production gINg ‘amir eco-efficiency; Clear Limited scope; Focused
Lechman et al LCA and LCC volumes (pre, post) manufacturing in two-dimensional on one company’s
’ . o food-packaging . .
(2019) [16] discount analysis roduction eco-efficiency production context.
p diagram; Real-world
investment analysis
Integrates
Energy and material ~ Durable goods enVlronmental and Com}) lex data .
. . economic requirements; Limited
Kluczek (2019) consumption and manufacturing— ..
MFA and LCA . performance; energy flow analysis in
[17] costs, wastes, central heating o . ) K
o . > Quantifies material MFCA; Requires expert
and emissions boiler production .
losses and emissions;  knowledge.
Case study validation
Integrates Lean tools
. (VSM) with
Raw material supply, . .
. . environmental Focused on one industry
. transport, and Resilient flooring - . . L
Litos et al. X . metrics; Practical tool  (flooring); Limited
VSM and LCA manufacturing (PVC) manufacturing o . .
(2017) [18] . : for shop-floor generalizability without
life-cycle stages, in UK . . .
enerey constmption decision-making. adaptation.
8y P Case study
validation.
Enables the
Baptista et al. EcoPROSYS Ecopomlc Val.ue, Framework calcula.n.on of Needs to be 1mplemen.ted
(2017) [11] and MSM environment impact, presentation eco-efficiency, the in more real use cases in
process efficiency flexibility and order to be validated
scalability

Although the reviewed methodologies, presented in Table 1, enable the calculation of
eco-efficiency, using specific variables that allow to estimate both process efficiency and
environmental impact, they present limitations in terms of flexibility and scalability. For
example, LCA is highly effective in identifying manufacturing processes that generate a
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high quantity of waste. However, if not complemented by a careful analysis of the process,
it becomes difficult to identify the root causes of inefficiencies and to implement actions
or integrate methods and technologies to eliminate them. To promote the scalability of
the efficiency and eco-efficiency assessment, it is important to provide the industry with
intuitive tools that support their decision-making process, and this starts with a correct
characterization of the process steps and sub-steps. Moreover, it is important to consider
multiple streams such as time, energy, materials, and consumables and, at each step,
analyze the variables that “add value” to the process. This detailed characterization will
allow detection of different forms of waste and inefficiencies contributing to the ZDM.

In this context, this work introduces a methodology that integrates Multi-layer Stream
Mapping (MSM) concepts, cited by [11,19,20], with Life-Cycle Inventory (LCI) analysis. By
combining these two approaches, the proposed method is implemented in order to identify
inefficiencies across multiple stages of composite manufacturing processes, enhancing
process transparency and resource tracking, and supporting the strategic decision-making
of the companies toward zero-waste. The methodology was designed to be straightforward,
highly flexible, and adaptable, allowing its implementation across different industrial
sectors and assessing several manufacturing processes based on real operational data. By
guiding companies through a detailed analysis that considers the real characteristics of the
process, variables can be accurately identified and monitored, supporting the implementa-
tion of solutions in specific process steps that allow achievement of ZDM goals.

This study is integrated into the FLASHCOMP EU project, whose main objective con-
sists of developing a fast and reliable quality control solution that uses artificial intelligence
to help identify and remove defects during composite manufacturing processes, reducing
waste and increasing process performance. To identify the most critical process steps and
enable the efficient implementation of targeted solutions, a comprehensive baseline assess-
ment will be conducted for two industrial use cases from the aerospace and shipbuilding
sectors. This study allows the assessment of the current state of their production processes
and characterizes process performance across environmental, economic, and operational
domains. The process steps were selected due to their critical role in resource utilization,
labor intensity, and environmental impact. By analyzing process workflows, cost structure,
and environmental impacts, inefficiencies, such as excessive non-value-added activities
and high material waste, can be identified.

The structure of the paper is as follows: Section 2 presents the methods applied to
conduct the study, Section 3 shows and discusses the main results obtained for the two use
cases; Section 4 focuses on the main lessons learned from the implementation of the present
framework; and finally, Section 5 concludes by highlighting the relevance of the work in
contributing to zero-waste practices in composite manufacturing.

2. Materials and Methods
2.1. Case Studies

The case studies of this work have been conducted in two industrial companies, one
from the aerospace sector and another from the shipbuilding sector.

Use case from the aerospace sector: This use case is a prominent player in the aerospace
sector, specializing in the development and production of advanced systems for both
defense and commercial applications. The company operates in a highly regulated and
competitive environment, where precision, quality, and operational efficiency are critical
to maintaining industry leadership. Within its manufacturing processes, depicted in
Figure 1, the company employs cutting-edge techniques to ensure the production of high-
performance components that meet stringent industry standards.
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Figure 1. Process phases of the aerospace use case.

To optimize its production flow and align with sustainability goals, the use case
selected critical phases of its manufacturing process for in-depth analysis and baseline
formulation. The focus was placed on the following process phases:

C-shaped-spar forming—This phase involves shaping composite materials into spe-
cific structural components, requiring precise execution to ensure the integrity and perfor-
mance of the final product;

Skin preform forming—In this phase, preformed composite materials are shaped and
prepared for integration, demanding careful handling to avoid defects or misalignments
that could compromise quality;

Resin infusion—This phase entails the infusion of resin into composite structures,
ensuring proper bonding and structural integrity. It is a time-sensitive and material-
intensive operation, critical for achieving desired mechanical properties.

Each phase comprises a series of operations that can be further divided into sub-steps.
This multi-level analysis enables the identification of inefficiencies within specific process
phases, facilitating targeted interventions and reducing the likelihood of errors.

The analysis of these phases was focused on the Key Performance Indicators (KPIs)
which were selected by resin infusion experts and validated by the company. Particular
attention was given to identifying NVA activities and exploring opportunities for process
improvement. Additionally, the integration of sensor-based monitoring during the project
is expected to enhance process control and reduce inefficiencies, contributing to a more
sustainable and streamlined production system.

Shipbuilding use case: This use case is a leading manufacturer in the luxury boat
industry, renowned for its innovative designs, craftsmanship, and technological advance-
ments. Operating in a competitive market where aesthetics, durability, and sustainability
are key factors, the company consistently invests in improving its manufacturing processes
to maintain its reputation for excellence.

To enhance its production efficiency and align with sustainability objectives, the use
case identified key phases in its manufacturing process for detailed analysis and baseline
formulation. The focus was placed on the following process phases, depicted in Figure 2:
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Figure 2. Process phases of the shipbuilding use case.

Resin plant layout—This phase involves preparing the resin distribution system to
ensure accurate and efficient delivery to the mold. It is a preparatory step that has no direct
value-added activities but is essential for maintaining process flow.

Vacuum bagging—This critical step involves sealing the composite structure under a
vacuum, ensuring optimal resin infusion and void reduction. Proper execution is vital for
achieving the desired material properties.

Resin infusion—During this phase, resin is infused into the composite structure, a
process that directly impacts the strength, durability, and overall quality of the final product.

Post-Infusion—This phase includes curing and stabilizing the structure to achieve its final
mechanical properties, often requiring precise environmental controls to ensure consistency.

Demolding—The final stage involves carefully removing the cured composite structure
from the mold. This labor-intensive phase requires attention to avoid damaging the
finished product.

The analysis of these phases was focused on the KPIs, which were selected by resin
infusion experts and validated by the company. The baseline formulation provides a
comprehensive understanding of the current process performance, setting a foundation for
implementing advanced manufacturing solutions.

2.2. Methodological Approach

To conduct the eco-efficiency assessment, the methodology presented by [11] was
used as a foundation. The principles of the MSM approach were considered to conduct the
analytical mapping of the processes, through the definition of a set of specific KPIs that
reflects the efficiency of resource utilization, the costs related to misuses and inefficiencies,
and other variables such as environmental ones. This tool was specifically developed to
assess the overall performance of a production system through the non-dimensionalization
of the different variables in a ratio between the portion of the “added value” variables and
the sum of the “added and non-added value” variables, as expressed in [11]. Ratios below
100% reflect inefficiencies, allowing us to identify process steps that should be carefully
analyzed to improve the overall performance.

In this context, the method applied in this study involves a multi-level analysis
implemented by following the diagram illustrated in Figure 3. Operational, environmental
and economic data were collected by the companies throughout the entire process flow,
from the overall operation sequence down to the individual machines involved in each
step. Due to the difficulty of collecting some data, some assumptions were considered,
such as waste generation and time spent on visual inspection. These assumptions were
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based on workers’ expertise and the company’s historical data. Each phase was analyzed
and classified as either value-added (VA) or non-value-added (NVA). VA activities are
those that transform the product from raw material into a finished component, involving
physical or chemical changes such as machining or assembly. In contrast, NVA activities do
not generate changes in the product’s characteristics, even though they are often necessary
within the process, such as inspection, cleaning, or transportation. Due to the difficulty in
defining target values for each process step, mainly related to the complexity of the process,
to conduct this baseline assessment, only the MSM concepts related to VA, NVA, and process
characterization were used. Furthermore, the eco-efficiency was assessed using costs and
Life-Cycle Inventory (LCI) data. The implementation of this methodology was intended to
assess the performance of the process in several domains, namely operational, resource
costs, and environmental impact, providing a global overview of the process efficiency.

e\ | ' ine1 k-S|
o . Machine 1 : 2 |
k=] ! i ol
S 0000 .. —— V|
= | | | e
i | Process 1 - Phase 1 Machine 2 fe----| |
k5] . i ‘ o
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; E | Process n E 3 Phase 2 — Machine n [&--4-- g !
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=
(&)
Q2
S Operational Environmental Costs
8
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o
-.\\ ___________________________________________________________________________________________
2 0 ‘ Cost Assessment ‘
ﬁ >: Eco-efficiency
&= 4 E ‘ Environmental impact Assessment ‘
A

Figure 3. Methodology overview.

2.3. Eco-Efficiency Assessment

Eco-efficiency evaluates the correlation between environmental and economic perfor-
mance and is generally expressed by the ratio between economic value and environmental
influence, represented by Equation (1) [11].

Production or Service Value (EUR)
Environmental Impact (Pt)

Eco-efficiency = D

This parameter emphasizes activities that deliver higher value while minimizing
material, energy inputs, and emissions, combining cost assessments with a systematic
evaluation of environmental impacts.

The cost analysis provides a detailed understanding of operational expenses, including
labor, materials, and energy costs. Labor costs, influenced by task completion time, play
a critical role in accurate cost allocation. The integration of cost analysis with process
flow analysis reveals cost dynamics and highlights phases with significant expenses. In
turn, the environmental assessment involves the compilation of a comprehensive Life-
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Cycle Inventory (LCI), cataloging inputs and outputs for each manufacturing phase. Key
data points include resource consumption, energy use, and waste generation. Using the
LCI, impact assessments translate collected data into quantifiable environmental impacts
across categories.

The environmental assessment applies the standardized LCA methodology (ISO 14040
and 14044 [21,22]) to determine the potential environmental impacts of the composite
components throughout their production processes. The goal of the LCA was to identify
environmental hotspots in the manufacturing of two representative composite components
and to support industrial decision-making for material and process selection.

The functional unit adopted corresponds to one manufactured composite component
(either an aerospace or a shipbuilding application). The reference flow consists of the
amount of materials and energy required to manufacture one complete part. Primary data
were collected directly from the industrial partners covering material inputs, energy use,
and waste outputs for each process step. For the aerospace case study, the conditions of Italy
were considered, whereas for the shipbuilding case study, Israel’s conditions were applied.
Whenever feasible, European conditions were considered; otherwise, global conditions
were assumed. The LCA study follows a cradle-to-gate system boundary, including raw
material extraction and manufacturing of one composite part. Infrastructure emissions
were excluded. The system boundaries are presented in Figure 4.

One
—_— —_— composite
part

Figure 4. Cradle-to-gate system boundaries of the LCA studies.

For the environmental analysis, the inventory was constructed based on information
provided by the manufacturers through Excel files containing information related to mate-
rials and energy consumption. The collected data were cross-referenced with the processes
in the Ecoinvent life-cycle database version 3.7.1 to obtain background data on mass and
energy flows related to the extraction and production of raw materials. Allocation at the
point of substitution (APOS) was chosen for the modeling as it accounts for the entire pro-
duction system, reflecting all connections with other systems whilst including all potential
flows for secondary materials. Table 2 shows the correspondence between materials and
energy in the ecoinvent v3.7.1.

The collected LCI was modeled in the SimaPro v9.2.0.2 software using the ReCiPe
2016 Hierarchist (H) method to quantify the environmental impacts at the Endpoint level.
At the Endpoint level, environmental impacts are assessed in terms of their long-term
consequences, emphasizing broad areas of protection such as human health, ecosystem
integrity, and the availability of natural resources. The Endpoints were then aggregated
into three damage categories: human health, expressed in Disability-Adjusted Life Years;
ecosystems, expressed in species.yr; and resources, expressed in USD. The overall impact
score for each analyzed process was calculated as the sum of the normalized and weighted
indicators expressed in ecopoints (Pt). In the end, the results are comparable across the
manufacturing phase.

The proposed methodology aligns environmental and cost data in order to quantify
the eco-efficiency of manufacturing processes, in this case related to the production of boats
and aircraft structural components. The following chapter presents the results obtained
from the implementation of this dual approach. Process steps characterized by high-
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cost and high-impact operations will be identified, allowing the definition of targeted
strategies to reduce costs and environmental impacts, in order to optimize both economic
and environmental performance.

Table 2. Inventory in Ecoinvent 3.7.1.

Defined Materials Ecoinvent v3.7.1 Matching

Catalvst Metal catalyst for catalytic converter {GLO} | market for metal catalyst for catalytic
atalys converter | APOS, U

Copper Copper collector foil, for Li-ion battery {GLO} | market for copper collector foil, for

Li-ion battery | APOS, U

Polyethylene (high density)

Polyethylene, high density, granulate {GLO} | market for polyethylene, high density,
granulate | APOS, U

Methacrylate

Methyl methacrylate {RER} | market for methyl methacrylate | APOS, U

Nylon

Nylon 6-6 {RER} | market for nylon 6-6 | APOS, U

Polyester unsaturated

Polyester resin, unsaturated {RER} | market for polyester resin, unsaturated | APOS, U

Polyethylene

Polyethylene terephthalate, granulate, amorphous {GLO} | market for polyethylene
terephthalate, granulate, amorphous | APOS, U

Polypropylene

Polypropylene, granulate {GLO} I market for polypropylene, granulate | APOS, U

Epoxy resin

Epoxy resin, liquid {RER} | market for epoxy resin, liquid | APOS, U

Sealing tape, aluminium/PE, 50 mm wide {GLO} | market for sealing tape,

Sealing tape aluminium/PE, 50 mm wide | Cut-off, U

Silicone Silicone product {RER} | market for silicone product | APOS, U

Energy Italy Electricity, medium voltage {IT} | market for electricity, medium voltage | APOS, U
Energy Israel Electricity, medium voltage {IL} | market for electricity, medium voltage | APOS, U

3. Results and Discussion

This section focuses on the main results regarding cost, environmental impact, and
eco-efficiency assessment of the two use cases from the aerospace and shipbuilding sectors.

3.1. Data Collection

Data were collected by the use cases in their production site and analyzed and classified
based on VA and NVA activities. This procedure was carefully conducted by process
engineers, following their own measurements and data collection methods.

The process flow related to the aerospace use case, and presented in Figure 1, was
analyzed in detail, focusing on the time required for each phase, consumed energy, labor
costs, and the VA /NVA classification for each task. The results presented in Table 3 demon-
strate that specific phases, such as resin infusion, spent a higher amount of time on NVA
activities, due to the time required for resin curing. That represents a potential opportunity
for improvements, if additional developments allow the reduction of this sub-step. Lastly,
the labor cost of each process phase was established by the company, considering the
operation time and the number of workers, as expressed in Table 3. Moreover, considering
the relevance of visual inspection in this process, this variable was estimated and identified
in the sub-steps where that task was conducted. Based on this preliminary assessment, the
cost analysis was performed by combining the material, energy, and labor costs. Due to
data confidentiality, costs per operation are not provided, nor is the list of consumables and
equipment, nor the energy consumed by them.

https:/ /doi.org/10.3390/su18020997


https://doi.org/10.3390/su18020997

Sustainability 2026, 18, 997

10 of 19

Table 3. Aerospace use case VA/NVA activities.

. Operation Number of Time Spent for
Process Phase Operation Sub-Step VA/NVA Time (h) People Working  Visual Inspection
Spar shaping Tool cleaning NVA 0.5 1 -
tools preparation Releasing agent NVA 1 1 -
C-shaped-Spar
E ped-op ' Flat preform VA 9 2 )
orming reinforcement layup
C-shape forming
C-shape forming VA 3 2 1h
Excess form trim VA 1 1 -
Skin mold cleaning NVA 0.9 1 -
Skin Mold -
Preparation Skin mold NVA 1 1 -
release agent
Skin Preform forming
Copper mesh layup VA 15 1 -
Skin Preform Skin preform layup VA 11 2 -
Skin preform forming VA 4 2 -
Resin heating VA 1 1 -
Resin components VA 05 1 ;
Resin Preparation weight
Resin Infusion Resin mixing VA 0.5 1 -
Degassing VA - - -
Mold heating Mold heating NVA - - -
Resin Infusion Resin infusion VA 3 15 2h
Resin Cure Resin cure NVA - - -

The same approach was conducted for the shipbuilding use case. Starting with the

VA/NVA classification, the results presented in Table 4 demonstrate that some phases,

such as resin plant layout and demolding, do not have activities that add value to the final

product, representing a potential opportunity for improvements.

3.2. Aerospace Use Case Assessment

Based on the data collected, a cost assessment of the manufacturing process was

conducted, including material, energy, and labor expenses. As illustrated in Figure 5, labor

costs emerged as the primary contributor, accounting for approximately 54% of the total

costs. Among the various process operations, skin preform forming was identified as the

most expensive, followed by C-shaped-spar forming and resin infusion.

4500
4000
3500
3000

2500

=
3 2000

o
1500
1000

500

0

Figure 5. Cost analysis of the aerospace use case.

M Energy cost (£)
Labor costs (£)

m Material costs (€)

C-Shaped Spar Forming

Skin Preform Forming

Operations

Resin Infusion
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Table 4. Shipbuilding VA/NVA activities.

. Operation Number of Time Spent for
Process Phase Operation Sub-Step VA/NVA Time (h) People Working  Visual Inspection
Peel-ply placement NVA 3 2 10-30 min
Bonding the Infu-ply placement NVA 2 2 10-30 min
Flow Media Resin st
e aoDPer NVA 2 2 10-30 min
Resin Plant Layout placement
Laying the Spl“al wiap NVA 2 4 10-20 min
Injection and placemen
Suction Inlet/outlet i
pipes/inlet/outlet placement NVA 2 4 20-40 min
Butyl tape application NVA 1 6 5-10 min
Vacuum bag NVA 0.8 6 10-15 min
placement
Vacuum bagging Resin and vacuum ;
Vacuum Bag pipeline connection NVA 2 6 5-10 min
Resin bin and traps NVA 1 6 510 min
placement
Leak Tracking Leak tracking process NVA 3 4 -
Process
. . Resin components NVA 05 5 5 min
Resin Preparation weight
Resin mixing NVA 0.5 2 5 min
Resin Infusion Resin Flow Resin flow
Throughout th e}?l t toh ¢ VA 6 3 -
the Dart roughout the par
Resin Cure Resin cure VA 0.7 - 5-10 min
Excess Material Remove bag and VA 3 6 5_10 min
Removal consumables
Surface Sanding Surface sanding NVA 6 6 5-10 min
Post-Infusion . Check and correct VA 2 3 :
Surface Cleaning defects, if any
Surface cleaning NVA 3 3 5-10 min
Structural Parts Structural parts NVA 725 6 30-60 min
Assembly assembly
Demolding Demolding Stage ~ Demolding of the VA 36 6 ;

complete hull

In the case of resin infusion, the high costs are mostly attributed to material con-
sumption, specifically resin. Material waste in this process results in significant expenses,
underscoring the importance of implementing mechanisms to monitor and control resin
usage, thereby minimizing inefficiencies. On the other hand, energy consumption was
found to contribute the least to overall costs across the three operations.

The environmental impacts related to the manufacturing process are summarized in
Figure 6, presented on an ecopoint (Pt) scale reflecting the damage caused by resource
usage. The results reveal that the resin infusion phase accounts for the majority of the
environmental impacts, followed by the skin preform forming phase. Together, these two
operations represent approximately 88% of the total impacts, which is consistent with
the relatively low resource and energy usage during the C-shaped-spar forming phase.
Human health emerged as the most critical concern, primarily due to the risks faced by
workers during manufacturing. These risks are linked to exposure, inhalation, and direct
contact with hazardous compounds, which can lead to respiratory issues and long-term
health effects.
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Figure 6. Environmental impact of the manufacturing process in the aerospace use case—ReCiPe
Endpoint method (H).

Additionally, the difficulty in accurately quantifying waste generated during the
process reduces the apparent impact on ecosystems; therefore, this factor is likely to be
underestimated. Recommendations were provided to the company to improve its waste
measurement process in order to obtain a realistic evaluation of the environmental effects
caused by the process.

Combining the information obtained from the previous analysis, the eco-efficiency
analysis was conducted to compare the environmental impacts with the associated process
costs. Figure 7 shows the eco-efficiency chart, where the y-axis corresponds to the envi-
ronmental impacts (Pts) and the x-axis corresponds to the total operational costs (KEUR)
associated with the selected process phases.

45
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®
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Operational Cost [k€]

Impact [Pts]

C-Shaped Spar Forming ® Skin Preform Forming Resin Infusion

Figure 7. Aerospace use case’s eco-efficiency assessment per process phase.

The analysis of the chart reveals distinct trends in the environmental and operational
cost impacts of the manufacturing operations. The C-shaped-spar-forming phase shows
the lowest combined impact and cost, whereas resin infusion has the highest environ-
mental impact, and skin preform forming incurs the highest operational costs. These
findings highlight the need to closely examine process variables that significantly influence
these outcomes.
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This insight reveals the importance of adopting digitalization solutions as enablers to
improve ZWM. The integration of an advanced monitoring and data acquisition system,
especially in the resin infusion process, is expected to enhance the overall eco-efficiency
of the process. Furthermore, as noted earlier, the implementation of additional control
points and measurement systems in high-impact operations is crucial. Such measures
will allow for more precise process characterization, leading to reduced waste, minimized
inefficiencies, and improved sustainability throughout the manufacturing life cycle.

3.3. Shipbuilding Use Case Assessment

Building on the evaluations outlined in earlier sections, a cost analysis of the ship-
building manufacturing process was conducted by integrating material and labor expenses.
Due to current limitations, energy consumption costs for this use case could not be mea-
sured and were, therefore, excluded from this analysis. However, as indicated in Figure 8,
the Post-Infusion phase emerges as the largest contributor to overall costs, accounting
for approximately 57% of the total. This is primarily attributed to its significant labor
requirements, as this phase involves a huge amount of time among those assessed.

B Material costs (€)

Labor costs (£)

Resin Plant Layout  Vacuum Bag Resin Infusion Post Infusion Demolding

Operations

Figure 8. Cost analysis of the shipbuilding use case.

A detailed assessment of the Post-Infusion phase is essential to identify any inefficien-
cies that may be extending labor time and driving up costs, or to integrate technologies
and methods that support operators in their manual activities. Additionally, resin infusion
stands out as having the highest material costs. Monitoring this process closely and imple-
menting strategies to minimize material waste are critical steps to enhance efficiency and
reduce overall expenses.

The environmental impact assessment is illustrated in Figure 9, following the same ap-
proach previously detailed. The resin infusion phase accounts for the highest proportion of
environmental impacts, approximately 79% of the total, primarily due to resin consumption.
Following this, the vacuum-bagging phase contributes around 13% of the overall impact.
These findings highlight the need to minimize waste generated during these processes,
particularly in resin infusion, to mitigate their environmental footprint. Accurate tracking
of total material consumption is essential to identify where significant losses occur in the
process and to develop strategies or operational improvements to minimize waste and
enhance process efficiency.
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Figure 9. Environmental impact of the manufacturing process in the shipbuilding use case—ReCiPe
Endpoint method (H).

When analyzing the impact across various domains, a pattern similar to that observed
in the aerospace case study emerges. The greatest concern lies in human health, mainly due
to risks associated with the manufacturing process. A thorough assessment of each process
stage’s impact on worker safety is strongly recommended to identify potential hazards and
implement effective mitigation measures.

The eco-efficiency analysis was performed using the collected data to evaluate the
relationship between environmental impacts and associated process costs. Thus, Figure 10
presents the eco-efficiency result, following the approach previously presented. The analysis
reveals that significant resources and environmental impacts are allocated to activities with
low VA-to-NVA ratios.

350

Resin Plant Layout
00 Vacuum Bag
250 Resin Infusion

Post Infusion
200 ® Demolding

Impact [Pts]
=
3

100
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Total Cost [k€]

Figure 10. Shipbuilding use case’s eco-efficiency assessment per process phase.

From the chart, it is evident that the Resin Plant Layout and demolding phases exhibit
the lowest impact and cost values, which aligns with expectations, as these phases are
characterized by a high proportion of NVA activities. In contrast, the resin infusion phase
shows considerably higher environmental impacts when compared to other process steps
and needs attention since it is the primary factor for the decreasing of the product’s overall
sustainability. The efficiency of the material used, resin losses, and scrap rates play an
important role in contributing to the reduction in the process’s performance. In this context,
the FLASHCOMP project is working on the implementation of a digital process through
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computer vision that intends to contribute to the improvement of this process. Although
the Post-Infusion phase demonstrates a low environmental impact, it is associated with
high operational costs due to the extensive time required. This discrepancy highlights
inefficiencies related to process duration rather than material consumption, highlighting the
opportunity for optimization through improved process control and cycle-time reduction.
A detailed analysis of this process step is recommended to identify opportunities for
improvement and to implement strategies that enhance its overall efficiency.

3.4. Comparative Analysis Between the Two Use Cases

Across both sectors, aerospace and shipbuilding, the study revealed that resin infusion
is consistently the most critical and resource-intensive phase, contributing significantly
to environmental impact and material costs. This similarity highlights the cross-sector
relevance of monitoring, automation, and process optimization technologies, which can
improve eco-efficiency regardless of the application. Moreover, in both cases, NVA activities
such as setup, inspection, and material handling were identified as major sources of ineffi-
ciency, reinforcing the need for digital tools for process monitoring and data-driven decision
support. Sector-specific findings were also observed: in the aerospace sector, the focus on
precision and defect minimization drives high labor costs and strict quality assurance, while
in shipbuilding, manual operations and large-scale part handling contribute to longer cycle
times and waste generation. These differences reflect the contrast in the production scales
and certification requirements. Table 5 summarizes the main similarities and differences
in process characteristics, efficiency drivers, and sustainability priorities between both
sectors, allowing us to highlight the relevance of the results obtained and supporting the
adaptability of the proposed eco-efficiency framework to different industrial contexts.

Table 5. Comparative analysis between aerospace and shipbuilding case studies.

Dimension

Transferable

Aerospace Sector Insights/Remarks

Shipbuilding Sector

Production Scale

Both sectors require

High-precision
components with
tight tolerances

Large structural
components with lower
tolerance sensitivity

process repeatability and
quality control at
different scales

Main Process
Phases Analyzed

C-shaped-spar forming,
Skin preform forming,
Resin infusion

Resin plant layout,
Vacuum bagging, Resin
infusion, Post-Infusion,
Demolding

Resin infusion is a key
process in both sectors,
enabling direct comparison

Key Performance
Indicators (KPI)

Labor time, wastes, energy
consumption, consumables

Labor time, wastes,
consumables

Core eco-efficiency KPIs
are shared

Critical Environmental
Impact Drivers

Material usage, labor
intensity high energy
consumption

Labor intensity,
materials usage

Optimization of resin
usage and reduction in
waste are relevant in
both sectors

Main Non-Value-Added
(NVA) Activities

Setup and tool cleaning

Setup, handling,
visual inspection

NVA activities represent
significant improvement
potential in both sectors

Process Automation Level

Moderate to high, focused
on precision

Low to moderate, with
many manual operations

Automation technologies
are needed in both sectors;
however, aerospace is
more advanced
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Table 5. Cont.
. . el Transferable
Dimension Aerospace Sector Shipbuilding Sector Insights/Remarks
Both target waste

Sustainability Priorities

Reduction in material
waste and manual effort

Reduction in scrap

minimization and
and rework

resource efficiency

Technological Challenges

Both sectors can benefit
from advanced monitoring
and data analytics for
process control

High defect cost, strict
certification standards

Scale of parts, material
handling, space constraints

Potential for
Cross-Sector Transfer

Shared learnings enable
framework generalization
for eco-efficiency
improvement

Advanced monitoring and
sensors integration

Advanced monitoring and
sensors integration

4. Main Challenges and Lessons Learned

The implementation of eco-efficiency assessment methodologies in complex man-
ufacturing environments revealed several challenges and key lessons learned. These
are mainly related to data availability, methodological limitations, and the accuracy of
performance indicators.

The collection of reliable data emerged as one of the most critical and complex aspects
of the study. Not all parameters and variables are systematically recorded or monitored
by the companies, due to the complexity of the process, which limits the accuracy of the
datasets. Therefore, data gathering became an iterative process, requiring multiple rounds
of refinement to define how KPIs could be effectively collected and used to characterize the
process efficiency with accuracy. In many cases, environmental impact data were based on
assumptions rather than direct measurements, which further increased the uncertainty of
the results. Another limitation concerned the measurement of waste generation. Quantify-
ing the exact amount of waste across different process stages proved to be difficult, and
the collected data often required further validation to ensure accuracy. Similarly, assessing
process quality and the impact of vision detection technologies throughout the production
stages required a more detailed analysis, particularly in defining precise metrics such as
the percentage of reworked or repaired parts.

Another limitation detected was related to the use of the overall MSM as a methodol-
ogy to quantify process efficiency, since it requires the comparison between target values
and measured values. For the baseline scenario, however, the difficulty in defining ap-
propriate target values constrained the application of MSM. Consequently, the baselines
presented in this work were primarily built on the actual values collected from the use
cases. While these provided a useful quantification of the selected KPIs, the reliance on
assumptions and incomplete reference targets limited the robustness of the analysis. This
deviation highlights that, although MSM provides a valuable structure for integrating multi-
dimensional efficiency indicators, its implementation requires consistent and well-defined
benchmarks, which were not always available in industry.

From these challenges, several important lessons were obtained. First, the results
highlight the urgent need for companies to invest in measurement systems and monitoring
methods that enable the continuous and consistent collection of data. Such systems would
allow for real-time tracking of process performance, enabling inefficiencies to be detected
at early stages rather than only retrospectively. Second, the study showed that the detailed
characterization of process steps is essential for accurate eco-efficiency assessment. Given
the complexity of composite manufacturing, specific data will inevitably be difficult to
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quantify, and need assumptions. However, these assumptions must be carefully validated
to avoid significant discrepancies between estimated and real values, which can undermine
the reliability of the conclusions. Finally, the collaboration with industrial partners was
crucial in highlighting the practical limitations of data collection in real-world settings.

This work provided valuable insights, mainly that the success of eco-efficiency assess-
ments in manufacturing is strongly dependent on the availability of accurate, continuous,
and standardized data. By addressing these challenges through improved measurement
systems and better-defined targets, future applications of the present eco-efficiency method
and similar approaches can deliver more robust, actionable insights for both environmental
and operational performance improvements. Furthermore, this study highlights that eco-
efficiency assessments play a pivotal role in advancing zero-waste manufacturing goals. By
systematically linking resource consumption, waste generation, and process performance,
eco-efficiency provides the quantitative information needed to identify where waste is
produced and how it can be prevented at the source. Unlike traditional waste management
approaches that focus on end-of-line solutions, eco-efficiency enables the integration of
preventive strategies directly into process design and operation. This proactive perspective
is essential for zero-waste manufacturing, as it shifts the focus from merely reducing waste
to its elimination through an optimized material flow, improved process control, and con-
tinuous monitoring. This work demonstrates that eco-efficiency acts as a diagnostic tool
and as a strategic enabler, guiding companies toward manufacturing processes that are
both resource-efficient and environmentally sustainable.

5. Conclusions

The comprehensive eco-efficiency assessment of composite manufacturing processes
provided valuable insights into the interaction between environmental and economic
performance across production phases. The analysis identified resin infusion as a major
hotspot, primarily due to its high material consumption and associated costs, underscoring
the need for material optimization strategies. Additionally, labor-intensive stages, such as
Post-Infusion finishing and skin preform forming, were found to significantly influence total
process costs, revealing potential inefficiencies in workflow design. These findings highlight
priority areas for process innovation, automation, and resource efficiency improvements to
enhance both sustainability and competitiveness in composite manufacturing. This baseline
provides relevant information that allows researchers to identify, select, and prioritize the
technological solutions to be developed and integrated into the manufacturing process.
This will ensure that further improvements address the most impactful inefficiencies and
sustainability challenges.

The eco-efficiency assessments highlighted that the high environmental impact of resin
infusion needs enhanced waste monitoring and process optimization, while the labor-heavy
operations require streamlined workflows to reduce operational time and associated costs.
Implementing digitalization solutions, such as advanced monitoring systems and control
points, has been shown to offer substantial potential for improving the eco-efficiency of
processes. These systems enable precise characterization of resource consumption and
waste generation, fostering informed decision-making for sustainability improvements.

Additionally, human health risks associated with hazardous compounds in processes
like resin infusion highlight the need for rigorous safety protocols and exposure reduction
strategies. Addressing these issues is expected to enhance worker well-being and align
with broader sustainability goals. This work shows the advantages of the integration of
eco-efficiency assessments into manufacturing workflows, offering a strategic pathway to
balance environmental and economic objectives.
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Finally, the integration of eco-efficiency assessments with zero-waste manufacturing
principles identifies unnecessary resource use and minimizes environmental burdens. By
quantifying material and energy flows, eco-efficiency provides a structured framework to
reveal where waste is generated and how it impacts both costs and sustainability. Through
this assessment, companies can build on those insights and establish process improvements
that prevent material losses, optimize resource utilization, and reduce non-value-added
activities, in the direction of zero-waste manufacturing. This alignment contributes to envi-
ronmental footprint reduction and enhances competitiveness and process resilience, leading
companies toward more sustainable and resource-efficient composite manufacturing.
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MSM Multi-layer Stream Mapping
NVA Non-Value Added

VA Value Added

VSM Value Stream Mapping

WSF Water Scarcity Footprint

1. Mourtzis, D.; Vlachou, E.; Milas, N.; Xanthopoulos, N. A Cloud-based Approach for Maintenance of Machine Tools and
Equipment Based on Shop-floor Monitoring. In Procedia CIRP; Elsevier B.V.: Amsterdam, The Netherlands, 2016; pp. 655-660.

[CrossRef]

2. Kerdlap, P.; Low, ].S.C.; Ramakrishna, S. Zero waste manufacturing: A framework and review of technology, research, and

implementation barriers for enabling a circular economy transition in Singapore. Resour. Conserv. Recycl. 2019, 151, 104438.

[CrossRef]

https://doi.org/10.3390/su18020997


https://doi.org/10.1016/j.procir.2015.12.069
https://doi.org/10.1016/j.resconrec.2019.104438
https://doi.org/10.3390/su18020997

Sustainability 2026, 18, 997 19 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Shanmugam, V.; Mensah, R.A.; Forsth, M.; Sas, G.; Restas, A Addy, C,; Xu, Q.; Jiang, L.; Neisiany, R.E.; Singha, S.; et al.
Circular Economy in Biocomposite Development: State-of-the-Art, Challenges and Emerging Trends; Elsevier B.V.: Amsterdam,
The Netherlands, 2021. [CrossRef]

Meng, E; McKechnie, J.; Turner, T.; Wong, K.H.; Pickering, S.J. Environmental Aspects of Use of Recycled Carbon Fiber Composites
in Automotive Applications. Environ. Sci. Technol. 2017, 51, 12727-12736. [CrossRef] [PubMed]

Majid, S.; Zhang, X.; Khaskheli, M.B.; Hong, F; King, P.J.H.; Shamsi, I.H. Eco-Efficiency, Environmental and Sustainable Innovation
in Recycling Energy and Their Effect on Business Performance: Evidence from European SMEs. Sustainability 2023, 15, 9465.
[CrossRef]

Duflou, J.R; Sutherland, ].W.; Dornfeld, D.; Herrmann, C.; Jeswiet, J.; Kara, S.; Hauschild, M.; Kellens, K. Towards energy and
resource efficient manufacturing: A processes and systems approach. CIRP Ann. Manuf. Technol. 2012, 61, 587-609. [CrossRef]
Ehrenfeld, J.R. Eco-efficiency and industrial ecology eco-efficiency philosophy, theory, and tools. J. Ind. Ecol. 2005, 9, 4. [CrossRef]
Eco-Efficiency—Learning Module. Available online: https://docs.wbcsd.org/2006/08/EfficiencyLearningModule.pdf (accessed
on 22 September 2025).

Al-Lami, A.; Hilmer, P.; Sinapius, M. Eco-efficiency assessment of manufacturing carbon fiber reinforced polymers (CFRP) in
aerospace industry. Aerosp. Sci. Technol. 2018, 79, 669-678. [CrossRef]

Leong, W.D.; Lam, H.L.; Ng, WP.Q.; Lim, C.H.; Tan, C.P.; Ponnambalam, S.G. Lean and Green Manufacturing—A Review on Its
Applications and Impacts; Springer: Berlin/Heidelberg, Germany, 2019. [CrossRef]

Baptista, A.J.; Lourengo, E.J; Silva, E.J.; Estrela, M.A.; Pegas, P. Integration of Eco-Efficiency and Efficiency Assessment Method-
ologies: The Efficiency Framework. In Sustainable Design and Manufacturing; Springer: Cham, Switzerland, 2017; pp. 613-623.
[CrossRef]

Marques, T.L.; Giusti, G.; de Paula e Silva, M.H.; Mendes, J.V.; de Figueirédo, M.C.B.; Silva, D.A.L. Monitoring and Evaluating
Eco-efficiency by Three Different Ways in a Beverage Company: A Lean-Green Approach. Smart Sustain. Manuf. Syst. 2022, 6,
190-211. [CrossRef]

Iten, M.; Fernandes, U.; Oliveira, M.C. Framework to Assess Eco-Efficiency Improvement: Case Study of a Meat Production
Industry. Energy Rep. 2021, 7, 7134-7148. [CrossRef]

Rybaczewska-Blazejowska, M.; Masternak-Janus, A. Assessing and improving the eco-efficiency of manufacturing: Learning and
challenges from a polish case study. Energies 2021, 14, 8125. [CrossRef]

Konstantas, A.; Stamford, L.; Azapagic, A. A framework for evaluating life cycle eco-efficiency and an application in the
confectionary and frozen-desserts sectors. Sustain. Prod. Consum. 2020, 21, 192-203. [CrossRef]

Joachimiak-Lechman, K.; Selech, J.; Kasprzak, J. Eco-efficiency analysis of an innovative packaging production: Case study. Clean
Technol. Environ. Policy 2019, 21, 339-350. [CrossRef]

Kluczek, A. Assessment of manufacturing processes eco-efficiency based on MFA-LCA-MFCA methods. Environ. Eng. Manag. J.
2019, 18, 465-477. [CrossRef]

Litos, L.; Borzillo, F.; Patsavellas, ].; Cockhead, D.; Salonitis, K. Management Tool Design for Eco-efficiency Improvements in
Manufacturing—A Case Study. In Procedia CIRP; Elsevier B.V.: Amsterdam, The Netherlands, 2017; pp. 500-505. [CrossRef]
Lourengo, E.J.; Baptista, A.].; Pereira, ].P.; Dias-Ferreira, C. Multi-Layer Stream Mapping as a Combined Approach for Industrial
Processes Eco-Efficiency Assessment. In Proceedings of the 20th CIRP International Conference on Life Cycle Engineering,
Singapore, 17-19 April 2013.

Lourenco, E.J.; Pereira, ].P; Barbosa, R.; Baptista, A.]. Using Multi-layer Stream Mapping to Assess the Overall Efficiency and
Waste of a Production System: A Case Study from the Plywood Industry. In Procedia CIRP; Elsevier B.V.: Amsterdam, The
Netherlands, 2016; pp. 128-133. [CrossRef]

ISO 14040:2006; Environmental Management—Life Cycle Assessment—Principles and Framework. International Organization
for Standardization: Geneva, Switzerland, 2006.

ISO 14044:2006; Environmental Management—Life Cycle Assessment—Requirements and Guidelines. International Organization
for Standardization: Geneva, Switzerland, 2006.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/su18020997


https://doi.org/10.1016/j.jcomc.2021.100138
https://doi.org/10.1021/acs.est.7b04069
https://www.ncbi.nlm.nih.gov/pubmed/29017318
https://doi.org/10.3390/su15129465
https://doi.org/10.1016/j.cirp.2012.05.002
https://doi.org/10.1162/108819805775248070
https://docs.wbcsd.org/2006/08/EfficiencyLearningModule.pdf
https://doi.org/10.1016/j.ast.2018.06.020
https://doi.org/10.1007/s41660-019-00082-x
https://doi.org/10.1007/978-3-319-57078-5_58
https://doi.org/10.1520/SSMS20220006
https://doi.org/10.1016/j.egyr.2021.09.120
https://doi.org/10.3390/en14238125
https://doi.org/10.1016/j.spc.2019.12.006
https://doi.org/10.1007/s10098-018-1639-7
https://doi.org/10.30638/eemj.2019.044
https://doi.org/10.1016/j.procir.2017.02.001
https://doi.org/10.1016/j.procir.2016.04.086
https://doi.org/10.3390/su18020997

	Introduction 
	Materials and Methods 
	Case Studies 
	Methodological Approach 
	Eco-Efficiency Assessment 

	Results and Discussion 
	Data Collection 
	Aerospace Use Case Assessment 
	Shipbuilding Use Case Assessment 
	Comparative Analysis Between the Two Use Cases 

	Main Challenges and Lessons Learned 
	Conclusions 
	References

