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Abstract: This paper aims to apply a generic model for the transition to a product classified as a
Product-Service System in the bike sharing case. For theoretical foundation, a systematic literature
review was conducted, and then, the model was developed and validated with PSS experts and
statistical analysis. Considering the need of PSS products to be aligned with the Tripple Botton
Line, a Life Cycle Analysis (LCA) was performed to measure the environmental and human health
impacts of a bike. Aiming to design an action plan and mitigate these impacts, the generic model
was applied. The results contribute to (i) the theoretical development of the literature by proposing a
generic model validated and applicable in other cases, and (ii) with the practical development, since
with the application of the LCA and the model, it was possible to identify an alternative to mitigate
the impacts of the most polluting part of a bike: the aluminum frame. Thus, this study proposes
substituting aluminum with a polymeric biocomposite: a blend between polypropylene and bamboo
fiber. Given the theoretical modeling of this work, future studies can focus on the practical validation
of this blend through mechanical testing.

Keywords: bike; biocomposite; generic model; Life Cycle Analysis (LCA); product-service systems

1. Introduction

The intensification of industrial activities and the development paradigm based on
linear economics led to the depletion of natural resources, waste generation, and CO2
emissions, among others [1]. An alternative to mitigate these negative externalities is tran-
sitioning to proposals based on lean manufacturing and circular economy concepts [2,3].

In this context, several approaches, frameworks, methods, and tools emerge to enable
the transitional process for proposals aligned with the circular economy. Among them, the
ReSOLVE framework, which consists of Regenerate, Share, Optimize, Cycle, Virtualize, and
Exchange to support circularity, allowing organizations to establish a holistic perspective
of opportunities and identify potential opportunities in the face of the circular economy [3].

Catulli et al. (2021) affirm that Product-Service Systems (PSS) represent a perspective
in the face of this context since they are composed of products, services, infrastructure, and
stakeholders [4], capable of satisfying customer needs [5], while also meeting the social,
environmental and economic areas of the Triple Botton Line [6]. The study by Chiarot et al.
(2022) highlights the contributions of a PSS proposal, and emphasizes its relationship with
the circular economy, as well as with the ReSOLVE framework, highlighting that they
mutually contribute with advances in the face of sustainable development [7].

In the search for sustainable production and consumption patterns, mobility is one
of the priority areas [8], since transportation is responsible for 40% of pollutant emissions,
72% of which come from road transport [9]. Given this context, bike-sharing systems
represent a promising initiative to increase the supply of sustainable transportation in urban
contexts [10,11]. The study by Prasara and Bridhikitti (2022) points out that approximately
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0.2 million tons of carbon dioxide could have been reduced yearly if bicycle lanes were
installed [12].

However, to meet the guidelines of a PSS proposal, the product must be designed with
a view towards social and environmental balance (sustainable design) [13]. Thus, PSS bikes
should be developed with lower environmental impact materials, which feature ease of
disassembly, repair, and recycling [14]. In addition, Liu et al. (2019) [15] point out that the
manufacturing of a bike includes more than 100 parts, so there is a need to mitigate the
heterogeneity of materials to facilitate post-use disposal [16].

Civancik-Uslu (2019) points out that to meet circular economy principles, Life Cycle
Analysis (LCA) represents a strategic tool used to map the impacts throughout the life cycle
of a product [17]; and Hurley (2016) complement, highlighting that LCA is the is the most
widely used tool globally to assess the environmental profile of a product [18]. Life cycle
analysis studies point out that the greatest socio-environmental impact of a bike is related
to the aluminum frame, and a research gap emerges from the need to propose alternative
materials to replace it, such as carbon fiber, steel, or bamboo fiber [19]. Another gap is
the need for more data on biocomposites, raising the need to deepen the bibliography
regarding this research topic and to perform mechanical tests to analyze its application
feasibility [20].

According to Macedo et al. (2020), the production of aluminum, from the extraction
of bauxite to the transformation of alumina into aluminum, emits several pollutant gases,
such as CO2 and perfluorocarbons (PFCs). In addition, the extraction of bauxite ore requires
the complete removal of vegetation above the soil, and this process releases a highly caustic
red lava (pH above 13) [21]. Due to these impacts, the activities related to aluminum’s
production have been directed to peripheral or emerging nations, where countries such as
Brazil have changed from exporting bauxite ore to processing it and supplying primary
aluminum [22]. However, public health policies concentrate mainly on corrective measures
against the impacts caused by this and other processes, where preventive measures need to
be taken aiming at a socio-environmental balance [21].

Therefore, to optimize the production of a bike and enable the transition to a PSS
proposal, it is necessary to reduce the diversity of materials and seek component solutions
aligned with green development, in addition to ensuring that the product meets the physic-
ochemical requirements that ensure its technical properties [23]. In addition, it is important
to measure environmental contributions when proposing material substitution, and to
avoid greenwashing, the practice of misleading communication about socio-environmental
performance. Therefore, it is necessary to validate the legitimacy and environmental
certification of products before incorporating them into the production process [24].

In view of the above, the goal of this work is to apply a generic model for the transition
to a product classified as a Product-Service System in the bike-sharing case. To this end,
this research: (i) proposes a generic model, validated by experts, to enable this transition
process; (ii) performs a Life Cycle Analysis (LCA) of the most toxic component of bike
sharing; and (iii) interrelates the case study (rental bicycles) with the data obtained by
applying the LCA and with the proposed model, in order to promote the transition from a
traditional product to a product classified as PSS.

2. Methodology

This research was conducted in six stages (Figure 1) and contemplated a mixed ap-
proach, since it analyzes bibliographic and empirical data. Initially, this work adopted a
generic approach (phase I), proposing a generic model to enable the process of promoting
the transition from a traditional product to a product characterized as a product-service
system. To analyze the model’s effectiveness, it was applied to a case study: bike sharing
(phase II). To support these research phases, the following strategies were used: literature
review, conceptual development, and practical application, as highlighted in Figure 1.
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Figure 1. Methodological procedures.

Each step of this research will be presented in the following sections, as follows:

• Section 2.1 presents the results of stages 1 and 2 of Figure 1.
• Section 2.2 presents the results of step 3 in Figure 1.
• Section 2.3 presents the results of steps 4 and 5 of Figure 1.
• Section 2.4 presents the results of step 6 in Figure 1.

2.1. Steps 1 and 2: Systematic Literature Review and Development of the Generic Model

A systematic literature review was conducted, aiming to understand the state of the
art regarding the transition from a traditional product to a product that composes a PSS
proposal. Bertoni et al. (2016) highlight that systematic reviews are widely conducted in
studies on PSS [25] (e.g., [26–28]), highlighting the academic interest and the relevance of
this approach. The Scopus and Web of Science databases were used to select the 55 articles
used to identify the characteristics of a product classified as PSS and underpin the devel-
opment of the generic model. The Table 1 presents the combination of keywords used to
compose the sample of articles analyzed.

Table 1. Keyword combinations (first stage). Source: Adapted from Kohlbeck et al. (2021) [13].

Keyword Scopus Web of Science

“PSS product” 13 4

“Product service system” and “product* development” 59 43

“Product service system” and “product life cycle” 24 14

“Product service system” and “product design”
and “sustainable” 48 16

The ReSOLVE framework [29] was used to organize the information from the liter-
ature. According to [30], this framework organizes circular economy guidelines in six
dimensions: regenerate, share, optimize, loop, virtualize, and exchange. Thus, a product’s
characteristics that make up a PSS proposal were coded and classified according to the
ReSOLVE framework. In this way, the features were presented: Re1–Re7 represent the
regenerate dimension guidelines; S1–S6, of the share dimension; O1–O6 correspond to the
optimize features; L1–L7, loop; V1–V6, virtualize; and E1–E6, exchange [13].

The results of this step were previously published by Kohlbeck et al. (2021) [13], where
the authors performed a synthesis of the bibliographic data, highlighting how to promote
the transition from a traditional product to a product classified as a PSS proposal [13].
Thus, strategies to enable this process are proposed, coded, and classified according to the
ReSOLVE framework (Figure 2).
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Figure 2. Generic model-transition to a PSS product. Source: Kohlbeck et al. (2021) [13].

Table 2 presents the description of the coding of strategies to promote the transition
to a PSS business proposition, highlighting that the first step of this process is to design
the product according to the principles of sustainable development, generating a balance
between the environmental, social and economic spheres [31].

Table 2. Product characteristic that makes up a PSS proposal. Source: adapted from Kohlbeck et al.
(2021) [13].

ReSOLVE (EC) Framework Step Code Characteristic

Regenerate

Re1 Final destination design

Re2 Modular design

Re3 Ecodesign or Design for X (DfX)

Re4 Cleaner Production (CP)-Lean Manufacturing

Re5 Avoiding the rebound effect

Re6 Ease of composting

Re7 Repair or overhaul

Share

S1 Availability and flexibility

S2 Extended product life cycle; intensified use

S3 Redistribution

S4 Reduce obsolescence

S5 Reuse

S6 Shared use

Optimize

O1 Updates

O2 Durability and functional optimization

O3 Easy to disassemble parts

O4 Warranty and spare parts supply

O5 Maintenance

O6 Parts standardization
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Table 2. Cont.

ReSOLVE (EC) Framework Step Code Characteristic

Loop

L1 “Cradle to Cradle” approach

L2 Circular design

L3 Reverse manufacturing

L4 Recycling

L5 Reconditioning

L6 Remanufacturing

L7 Cascade use

Virtualize

V1 Advising and consulting

V2 Co-creation

V3 Customization or personalization

V4 Traceability and accountability

V5 Operational support, advise on efficient use

V6 Virtualization to improve eco-design (Ex: 3D
Printing and Big Data)

Exchange

E1 Increased performance and efficiency

E2 Move to resource- and
energy-efficient alternatives

E3 Waste elimination

E4 Redesign

E5 Rethink

E6 Replace non-renewable materials with more
sustainable alternatives

2.2. Step 3: Validation of the Model with PSS Experts

Experts in product-service systems (survey strategy), which were selected through
the ORCID platform (Open Researcher and Contributor ID), evaluated the characteristics
of a PSS product to validate the generic model. Through a questionnaire developed using
the Google Forms tool, the interviewees analyzed the degree of agreement regarding each
feature’s ability to transition from a traditional product to a PSS product. For this, a
Likert scale with five gradations was used, in which 1 represents “strongly disagree”, and
5 represents “strongly agree” [32].

The data obtained through the questionnaire were analyzed using Statistical Package
for the Social Sciences® (SPSS) software (version 24.0). SPSS is a widely used statistical
tool that groups data numerically through tables and graphs [33]. Descriptive (calculation
of mean and standard deviation) and factorial (calculation of variance) analyses were
performed for this study. Through these analyses, it was possible to identify a product’s
characteristics that make up a PSS strategy that best represents the dimensions of the
ReSOLVE framework. Based on the statistical results, the generic model was validated.

2.3. Steps 4 and 5: Case Study—Life Cycle Analysis (LCA)

The bibliographic and statistical data were validated in sequence through a case
study. For this, the second stage of the literature review was carried out, where the
most toxic component of bike sharing was identified to promote the transition of this
component (traditional product) to a PSS product, where there is greater engagement with
the environmental scope of the Triple Bottom Line. For this, the combination of keywords
(Table 3) was used, highlighting that 23 articles were analyzed.
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Table 3. Keyword combinations (fourth step).

Keyword Scopus Web of Science (WOS)

“Product service system” and “bike sharing” 8 6

(“Life Cycle Assessment” or “Life Cycle
Analysis”) and “bike sharing” 6 4

“bike” and “toxicity” 7 2

Total 21 10

Total (WOS + Scopus) 33

Duplicate removal 23

The literature has highlighted that, although bikes represent a sustainable means
of transportation, there are negative externalities to the environment and human health
related to their life cycle [34]. In light of this, Wurster (2020) highlights the need to create
life cycle management based on circular economy principles [35].

Although bike sharing systems replace high carbon emission transportation modes,
and decrease the emission of greenhouse gases (GEE) under the atmosphere, for a product
to be properly classified as PSS, it needs to meet the characteristics presented in Table 2, so
as to be previously aligned with sustainable development, from its conception to its final
destination. Thus, PSS bicycles should seek more sustainable ways of production, use and
disposal of materials, and also maintain the alignment between the environmental, social
and economic spheres.

To measure the environmental and human health impacts of a bike, the Life Cycle
Analysis (LCA) tool was used [36]. The LCA represents a systematic approach to quantify-
ing environmental performance linked to all phases of a product’s life cycle, enabling the
identification of solutions to mitigate negative externalities under the environment and hu-
man health [37]. Since it is necessary to use data management software to measure impacts
caused by a bike, this research used SimaPro® (version 9.0), which systematically analyzes
the product’s life cycle, following the recommendations of the ISO 14040 series [38]. The
database Ecoinvent 3.7.1 [39] was used to develop the life cycle inventory of the bike.

In 2006, the International Organization for Standardization (ISO) published a series
of standards, called ISO 14040, defining the content and constraints of a Life Cycle Analy-
sis [40]. According to ISO 14040, LCA processes are classified into four steps: (i) definition
of the scope and purpose of the analysis; (ii) life cycle inventory (LCI) (the quantitative
step that provides the input and output streams for a given process); (iii) life cycle impact
assessment (LCIA), where the externalities caused by the system inputs and outputs, the
use of raw materials and emissions of pollutants are analyzed; and finally, (iv) interpreta-
tion results, in order to compare them with the scope and objective, verifying whether they
were properly met [40,41]. Figure 3 presents the procedures employed in this Life Cycle
Analysis (LCA).
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Figure 3. LCA steps.

The ReCiPe impact assessment method [42] was used to analyze the midpoint and
endpoint of a bike. Adopting an approach based on these two aspects is essential since
they are complementary [43]. The midpoint assesses the product’s environmental effects,
analyzing ecotoxicity, climate change, and acidification [42]. On the other hand, the
endpoint presents the characterization of these impacts [44], evaluating aspects such as
damage to human health and ecosystem quality [42].

The data provided by SimaPro® software (version 9.2.0.2) were presented through
the Pareto Diagram tool, which established an order of the causes of impacts on human
health and the environment. According to Aminmahalati (2021), the Pareto Diagram,
associated with simulations, such as those generated by SimaPro®, enables the identi-
fication of opportunities for process optimizations, reducing the negative externalities
generated by a product [45,46]. This analysis pointed out that aluminum is the most toxic
component of a bike; therefore, the following section presents the methodological proce-
dures employed to propose the replacement of this material for another one engaged with
sustainable development.

2.4. Step 6: Model Application in the Case Study

Based on the proposed model and validated with PSS specialists and Life Cycle Anal-
ysis (LCA), this work proposes possibilities to mitigate environmental and human health
impacts caused by a bike. In this way, alternatives are identified to accomplish the transition
from a traditional product to a product that composes a PSS proposal. Thus, alternatives
were identified to mitigate the impacts caused by a traditional bicycle, analyzing how many
characteristics of a PSS product the alternative meets (application of the proposed generic
model). Figure 4 presents the procedures used to propose the transition to a PSS proposal.
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Figure 4. Model application: transition to a PSS proposal.

3. Results and Discussion
3.1. Model Validation with PSS Experts

The following sections present the results from the statistical analysis, where Section 3.1.1
shows the described analysis, while Section 3.1.2 presents the results of the factor analysis.

3.1.1. Descriptive Analysis

Table 4 presents the results of the descriptive analysis, where the average (X) and
standard deviation (σ) of the model variables were calculated.

Table 4. Descriptive analysis.

Dimension Highest X Lower X Highest σ Lower σ

Re Re7: 4.702 Re6: 3.957 Re4: 1.108 Re7: 0.507
S S2: 4.362 S6: 3.957 S4: 1.115 S2: 0.870
O O3: 4.468 O1: 4.106 O5: 1.051 O3: 0.856
L L6: 4.234 L7: 3.702 L7: 1.301 L2: 0.924
V V5: 4.319 V3: 3.872 V6: 1.150 V5: 0.783
E E5: 4.362 E4: 3.872 E3: 1.131 E5: 0.895

The results indicate that, in the dimension “Re” (regenerate), the variable that best
describes the observed phenomenon is the “Re7”, since it presented the highest average
and lowest standard deviation of this dimension. Thus, it is inferred that there is a high
index of convergence in the respondents’ opinions, in addition to the fact that this variable
presented the highest mean and lowest standard deviation of the entire statistical analysis,
demonstrating the importance of adopting measures aimed at socio-environmental balance
in the early stages of the life cycle.

In dimension “S” (sharing), there was also a high convergence index, since dimension
S2 (extension of the product’s life cycle; intensified use) obtained the highest average and
lowest standard deviation. The interviewees stressed this variable’s importance as a way to
reduce the disposal and pollution caused by the product. In the “O” dimension (optimize),
the variable O3 (ease of disassembly of parts) showed the highest average and lowest stan-
dard deviation, demonstrating that there is a high index of convergence and appreciation
of dimensions based on preventive behavior towards sustainable development.

The analyses of dimension “L” (cycling) presented the lowest convergence index of the
statistical analysis, since variable L6 (remanufacturing) presented the highest average, and
L2 (circular design) the lowest standard deviation. Although the result of this dimension is
the least valued, the model generally presents high averages and low standard deviation
values, contributing to the validation of the analyzed phenomenon.

The final dimensions of the model, “V” (virtualize) and “E” (exchange), presented
converging results, since the variable V5 (operational support, advise on the efficient
use) and E5 (rethink) presented the highest means and lowest standard deviations of
their respective dimensions. Both variables emphasize the need to support the customer
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regarding socio-environmental balance, since an organizational awareness of sustainable
production is not enough if there is no mobilization on the part of the consumer.

3.1.2. Factorial Analysis

Table 5 presents the factorial analysis’ results, where the variance (V) is calculated for
each variable in the model.

Table 5. Factorial analysis.

Dimension Highest V Lower V

Re Re3: 39.420% Re5: 3.948%
S S3: 48.210% S6: 5.064%
O O5: 44.619% O1: 4.515%
L L1: 56.908% L4: 2.742%
V V2: 58.279% V1: 5.141%
E E6: 62.034% E1: 2.449%

The variables that contribute the most to the dimensions’ significance were identified
through the analysis of variance. Thus, it is inferred that the variables Re3 (ecodesign or
Design for X (DfX)), S3 (redistribution), O5 (maintenance), L1 (cradle to cradle approach),
V1 (advisory and consulting) and E6 (replace non-renewable materials by more sustainable
alternatives) were the variables that best represent the construct. These are the ones that
contribute the most to significance and summarize the information of the other variables.
For example, variable Re3 (ecodesign or Design for X (DfX)) best represents the “Regenerate”
dimension.

These variables (Re3, S3, O5, L1, V2 and E6), which have the most significant impact
on each dimension’s significance based on the sample analyzed, are suggested to receive
the most prioritization. However, analyses with a larger sample are necessary to validate
this assertion.

3.2. Case Study—Life Cycle Analysis (LCA)

Conducting a Life Cycle Analysis of products makes it possible to act before the
occurrence of environmental and human health impacts, and Haupt (2017) points out
that Life Cycle Analysis supports the transition to a circular economy [47]. Thus, Table 6
presents how this approach (LCA) is interrelated with the structure used in the generic
model developed (ReSOLVE).

Table 6. ReSOLVE framework and Life Cycle Analysis.

ReSOLVE Framework Justification

Regenerate

Life Cycle Analysis is a tool that supports the design of sustainable products, since it analyzes its
impacts on the environment [48], aiming to redesign it considering the reverse logistics and

alternatives that provide environmental, social and economic benefits [49].

It represents an accurate tool for evaluating the ecological impact of the product or system [50],
making it possible to identify alternatives in the face of global warming, acidification, eutrophication,

and component toxicity [51].

Share
Business propositions based on functional selling and the sharing economy (such as Product-Service
Systems), when associated with Life Cycle Analysis, are capable of mitigating negative externalities

on the human health (endpoint) and on environment (midpoint) [41].
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Table 6. Cont.

ReSOLVE Framework Justification

Optimize

Life Cycle Analysis supports the identification of optimizations in the environmental performance of
products at all phases of their life cycle [37].

The LCA tool allows producers and designers to assess life cycle costs of products, enabling
management of material choices for ecological optimizations [52].

Loop

There is an urgent need for Life Cycle Analyses (LCAs) to capture the benefits and shortcomings of
circular products. Only then it will be possible to make solid statements on the environmental

sustainability of circularity-based business models [53].

In designing a circular supply chain, the project should consider the Life Cycle Analysis process to
develop a product that enables reverse logistics of the components [48].

Life Cycle Analysis provides support for the development, manufacturing, distribution, deployment,
and disposal stages of a PSS product [54], in order to contribute to the reduction in waste generation

throughout the life cycle, increasing process performance and efficiency [48].

Virtualize
Life Cycle Analysis can help analyze impacts, quantify flows, and generate life cycle scenarios to

reduce economic and environmental waste in processes [55]. For this, there is a need to use
virtualization tools for data collection and processing, such as the SimaPro® software [41].

Exchange

LCA allows rethinking of the value chain to design products with greater durability, extending their
useful life, in order to change the current production and consumption models for

eco-efficient alternatives [48].

Life Cycle Analysis allows decision makers in industry, governmental or non-governmental
organizations to redesign products or processes aiming at sustainable development [37].

Table 6 shows that the literature highlights the LCA potential in the face of circular
economy, making it possible to affirm that the LCA is related to the generic model developed
(Figure 2). Thus, a Life Cycle Analysis was conducted to quantify the environmental and
human health impacts caused by a bike, enabling to outline an action plan to mitigate them.

Although bicycles represent a means of transportation aligned with sustainable devel-
opment, the product must be planned to balance the environmental, social and economic
spheres in order to transition to a PSS proposal [13]. In view of this, Figure 5 shows a map-
ping of the main impacts caused by a bike, where it can be seen that the production stage is
responsible for the main negative externalities on the environment and human health.

Figure 5. Bike impacts.

In this phase, high energy consumption and different materials usage (such as alu-
minum, steel, and rubber [19]) cause an environmental burden. Moreover, the Simapro®

software highlights that the main impacts are the carcinogenic toxicity of the production
process of a bicycle and the contribution to the scarcity of mineral resources. Henriques et al.
(2013) point out that the main materials that make up a bike, such as aluminum, contribute
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to the context of resource scarcity, in addition to contributing to the emission of chlorofluo-
rocarbons (CFCs), thus potentiating harmful effects on health, such as the incidence of skin
cancer, sunburn and genetic changes in humans, animals and vegetation [22].

Given the result presented in Figure 5, this research performs the Life Cycle Analysis
(LCA) of the production of a bike, measuring its impacts on the environment and human
health (midpoint and endpoint). Table 7 presents the steps of the first phase of the LCA
(definition of scope and objective), where we highlight that the goal of this Life Cycle
Analysis is to analyze the environmental impacts caused by the production of a bicycle
in Brazil, aiming to identify the main negative externalities. This makes it possible to
draw a strategy to mitigate them, making the product aligned with the principles of a
product-service system.

Table 7. First step of the LCA-production of 1 bike.

Phase IND Step Case Study—Bike Production

1st: Definition of scope
and objective

1 Determine the purpose of
the study

Analyze the environmental impacts caused by the
production of a bike

2 Define the product function Enable locomotion over short and
medium distances

3 Establish the functional unit and
the reference flow

Inputs to produce 1 bike in Brazil (aluminum,
steel, polymers, electricity, among others)

4 Understanding product flow and
system boundaries

This study focuses on the impacts caused by the
production of 1 bike

5 Determine impact categories

Global warming, stratospheric ozone depletion,
ionizing radiation, ozone emission (human health
and terrestrial ecosystems), fine particle formation,

terrestrial ecosystems, terrestrial acidification,
freshwater eutrophication, marine eutrophication,

terrestrial ecotoxicity, terrestrial ecotoxicity,
freshwater ecotoxicity, marine ecotoxicity, human

carcinogenic toxicity, human noncarcinogenic
toxicity, land use, mineral resource scarcity, fossil

resource scarcity, and water consumption.

In the second and third stages of the Life Cycle Analysis, the SimaPro® software was
used, which enabled the construction of the inventory (LCI) [41], where the inputs, pro-
cesses and outputs of the system were represented, in order to correlate the inventory data
with the functional unit (production of 1 bicycle) (stage 2: Life Cycle Inventory). In stage 3,
the life cycle impacts assessment (LCA) took place, which supports the interpretation of an
LCA study [56]. Table 8 presents the main procedures of these steps.

Table 8. Second and third stage of the LCA-production of 1 bike.

Phase IND Step Case Study—Bike Production

2nd: Life Cycle Inventory (LCI)

1 Represent system inputs, processes, and outputs

SimaPro®2 Collecting and validating data

3 Correlating data to the functional unit

3rd: Life Cycle Impact
Assessment (LCIA)

1
Identification of a database and determination of the

method for the implementation of the
inventory (LCI)

Ecoinvent 3.7.1 and ReCiPe 2016
Midpoint method (H)

2 Correlation of inventory data by impact category

Figure 5
3 Comparative analysis of environmental and human

health impacts

4 Impact characterization Figure 6
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Figure 6. Impacts of producing 1 bicycle.

In the fourth step of the Life Cycle Analysis, the results were interpreted, so that
Figure 6 presents the negative externalities caused by the production of a bike. These im-
pacts are presented according to the raw materials used for the production of bicycles, such
as aluminum, chrome, steel, and polymers (direct materials). In addition, the externalities
caused indirectly by the manufacturing processes are also analyzed, such as electricity
consumption, the impacts caused by the injection molding process, the extrusion of alu-
minum bars, among others. All the impacts of these materials, both direct and indirect, are
analyzed, in order to measure how they interfere with global warming, the emission of
ionizing radiation, ozone emissions (impacts on human health and terrestrial ecosystems),
and the degradation of the stratospheric ozone layer, among others.

The results of the application of this tool indicate that aluminum, chrome steel, and
low alloy steel cause the greatest impacts on human health and the environment, contribut-
ing 45.17%, 31.86%, and 10.23% of negative externalities, respectively. When analyzing
the impact categories, the Life Cycle Analysis highlights that the main burdens of bike
production considering the Brazilian context are terrestrial acidification (79%), impacts of
ozone emissions on human health (75%) and terrestrial ecosystems (74%).

The results obtained are theoretical and generic, but the work of Matos et al. (2020)
corroborates the software data, highlighting the impact of the aluminum production process
through a case study carried out in Pará, Brazil. The authors highlight the contribution
of aluminum to the alteration of the physical and chemical properties of the soil, since
the removal of the upper layers of soil for the extraction of bauxite (the raw material base
of alumina, and subsequent aluminum) exposes the lower layers to the loss of nutrients
and erosion. There is also high water consumption during this process (data in Figure 6
corroborates this assertion), used in the bauxite extraction process, its processing and other
steps until aluminum is obtained.

The study by Erkoyuncu (2019) corroborates this analysis, highlighting that the alu-
minum used for the production of the bike frame is the main responsible agent for the
impacts at the stages of production, use and maintenance [57]. Therefore, it is essential to
avoid the aluminum frame, and replace it with another material aligned with sustainable
development. The Life Cycle Analysis by [57] was conducted in Bangladesh, also aiming
to measure the impacts of producing a bicycle. The study by [57] points out that among the
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main negative externalities of aluminum, climate change stands out, since it is responsible
for 67.3% of the impacts related to this category, as presented in Figure 7.

Figure 7. Environmental impacts of bicycle production in Bangladesh. Source: Roy et al. (2019).

This research corroborates with the study of Erkoyuncu, extending the analysis to
the Brazilian context, in which Figure 8 complements this investigation through a Pareto
diagram, which points out that the three main sources of impacts are aluminum, chrome
steel and low alloy steel. By applying the 80/20 Pareto rule, these variables represent the
activities (approximately 20%) responsible for approximately 80% of the impacts, i.e., these
are the main factors to consider when developing an action plan aiming to mitigate the
impacts on the environment and human health caused by the production of a bike.

The higher impact caused by aluminum can be explained because its production
depends mainly on the electrolytic method (Hall–Héroult process, in which igneous elec-
trolysis of alumina fused into cryolite is performed), which consumes high rates of elec-
tricity [58]. Although aluminum in the transportation sector is widely used due to its light
weight, its production causes greater environmental impacts compared to other materials,
such as steel [59]. According to Cullen (2013), aluminum production uses more than 3.5%
of global electricity, contributing significantly to greenhouse gas (GHG) emissions [60].
Thus, aluminum consumption and production drives coal consumption, as well as sulfur
dioxide (SO2) and carbon dioxide (CO2) emissions [8].

Among the components of a bike that use aluminum, the frame stands out, followed
by the chain, rims, spokes, among others. Considering the sustainable development, it
becomes attractive to change this material for others that cause less impact, such as the
replacement of the aluminum chain with a more ecological steel chain that ensures the
same degree of wear and useful life [14].
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Figure 8. Variables that have the greatest impact on bike production.

Given the environmental impacts caused by aluminum and that the annual demand for
this material grows exponentially (30-fold increase since 1950) [60], the identification and
use of alternative materials becomes an imperative measure. Thus, in order to mitigate the
main negative externalities caused by bicycle production, especially aluminum (responsible
for approximately 45.17% of the impacts), the following section presents alternatives aimed
at replacing the aluminum frame with more sustainable proposals, in order to apply them
in the proposed model to analyze their effectiveness.

3.3. Applying the Model in the Case Study

Aiming to mitigate the impacts pointed out by the LCA, this subsection presents a
proposal that seeks to align the production of a bike with the principles of a product linked
to a PSS proposal. Since the Life Cycle Analysis pointed out that aluminum generates high
environmental and human health impacts, this work analyzes the substitution of this mate-
rial with a bamboo fiber polypropylene composite. According to Scherer (2020), composites
reinforced with natural fibers, besides being aligned with sustainable development, present
the advantages of low cost, abundance and low weight [61].

To measure the effectiveness of the alternative facing the transition to a PSS proposal,
the proposed model was applied (Table 9), in order to analyze how many characteristics of
a PSS product the materials meet (aluminum and bamboo fiber).

Table 9. Generic model application.

Code Model Variables Aluminum Bamboo Fiber

Re1 Final destination design X X

Re2 Modular design X X

Re3 Ecodesign or Design for X (DfX) X

Re4 Cleaner Production (CP)-Lean Manufacturing X

Re5 Avoiding the rebound effect X
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Table 9. Cont.

Code Model Variables Aluminum Bamboo Fiber

Re6 Ease of composting X

Re7 Repair or overhaul

S1 Availability and flexibility X

S2 Extended product life cycle; intensified use X

S3 Redistribution X X

S4 Reduce obsolescence

S5 Reuse X

S6 Shared use X X

O1 Updates

O2 Durability and functional optimization X

O3 Easy to disassemble parts X

O4 Warranty and spare parts supply X

O5 Maintenance X X

O6 Parts standardization X X

L1 “Cradle to Cradle” approach X

L2 Circular design X

L3 Reverse manufacturing X

L4 Recycling X X

L5 Reconditioning X X

L6 Remanufacturing X

L7 Cascade use X

V1 Advising and consulting

V2 Co-creation

V3 Customization or personalization

V4 Traceability and accountability

V5 Operational support, advise on efficient use

V6 Virtualization to improve eco-design
(Ex: 3D Printing and Big Data) X

E1 Increased performance and efficiency

E2 Move to resource- and
energy-efficient alternatives X

E3 Waste elimination X

E4 Redesign X X

E5 Rethink X

E6 Replace non-renewable materials by more
sustainable alternatives X

The application of the model shows that the alternative of using bamboo fiber is 37.5%
more aligned with sustainable development than aluminum, proving the viability of the
proposal aiming at the transition to a PSS business model. According to Scherer (2021),
bamboo’s high strength and durability, as well as its rapid growth and wide availability,
allows for a high range of high-performance applications [20].
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Thus, Table 9 presents a comparative analysis, based on bibliographic data, between
using aluminum and developing a biocomposite with bamboo fiber. Among the advantages
of substitution, it can be highlighted that bamboo is a renewable resource, of rapid growth,
that helps prevent soil erosion, absorbs carbon dioxide (CO2) and releases oxygen into the
atmosphere, contributing to the minimization of the greenhouse effect, a factor considered
critical in the Life Cycle Analysis of aluminum as one of the main negative externalities
caused by this element.

Thus, managers and industries can benefit from this substitution given the benefits
mentioned above, in addition to being an alternative aimed at sustainability, which has been
arousing business interest given the pressure in the face of environmental commitments
such as Agenda 2030. Thus, proposals with sustainable alignment gain greater visibility in
the market, enabling companies to perform the green marketing of the proposal.

Scherer, Bom and Barbieri (2020) reinforce this notion, highlighting that bamboo
reconciles the benefits of being a sustainable alternative with low cost, abundance in
nature and low weight, an essential characteristic for a bike frame [61]. Thus, this step
contributes to propose an alternative to the main impacts of the production of a bicycle,
pointed out by the Life Cycle Analysis (LCA). In this way, the next steps of this research
will focus on mechanical tests of the polypropylene and bamboo fiber biocomposite, to
perform a comparative study with the aluminum, in order to validate in a practical way
the contributions pointed out in Table 9.

4. Conclusions

Motivated by the need to propose alternatives aligned with sustainability, and by the
lack of guidance as regards the development of a PSS business proposal, this work aimed
to apply a generic model for the transition to a product classified as a Product-Service
System in the bike sharing case. The conclusions of the study are presented according to
the structure of the paper: (i) systematic literature review and development of the generic
model; (ii) validation of the model with PSS experts; (iii) case study—Life Cycle Analysis
(LCA); and (iv) application of the model in the case study.

As for step (i), systematic literature review and development of the generic model, this
research contributed to theoretical knowledge by advancing the discussion concerning the
differences between servitization and Product-Service Systems (PSS), besides proposing
a scientifically grounded model to propose the transition from a traditional product to a
product classified as PSS. Thus, the proposed model can be used as a support for both
researchers and companies when characterizing a PSS product.

Stage (ii), validation of the model with PSS specialists, demonstrated the model’s
viability, given its high acceptability by experts in the field. The high index of convergence
in the interviewees’ opinion, proven through low standard deviations and high averages,
confirmed the model’s effectiveness, as well as the need to align business proposals with
the circular economy, given that the ReSOLVE structure was understood by literature as an
effective way to promote the transition to a proposal aligned with this conjuncture.

Stage (iii), case study—Life Cycle Analysis (LCA), presents the practical advance of
this research, once the impacts of a bike were measured to understand its main externalities
under the environment and human health. Thus, through the application of the proposed
model, it was possible to outline an action plan to mitigate the impacts. Therefore, this
tool was the basis for the last stage of this work: (iv) application of the model in the
case study. Having identified that aluminum is the most toxic component of a bike,
this research proposes the development of a biocomposite to reinforce polypropylene
with bamboo fiber. It is also noteworthy that this research has limitations, among them
the conjectures it provides about a specific case, analyzing only the bike product. It
is also limited exclusively to the PSS product, which is composed of product, service,
infrastructure, and stakeholders, all of which should be designed with sustainability in
mind. However, from these limitations emerge opportunities for future studies, where we
highlight the possibility of applying the proposed model to other products to prove its
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generic character. Future studies can also extend the statistical analysis by performing the
interrelationship between the variables of the model.

In addition, it is necessary to deepen the studies regarding the proposed alternative,
to perform mechanical tests on the biocomposite, analyzing the effectiveness of replacing
the aluminum frame by the material suggested in this work. Thus, despite the fact that
studies regarding the reduction in environmental impacts are being published, this is a non-
renewable resource, and the substitution with more sustainable and renewable alternatives
becomes a plausible alternative. However, future studies are necessary to prove the viability
of the change under the environmental, social and economic aspects, besides ensuring the
required mechanical properties.
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