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Abstract

The relentless pursuit of lower production costs causes companies to invest in more efficient production systems so that they
can remain economically competitive, while the actions focusing on more sustainable operations from an environmental point
of view are usually performed to meet the political government regulating environmental control. However, it is common for
companies to focus their efforts to minimize the environmental impacts at an early stage of the product life cycle, neglecting
sustainability management in the post-use phase. Given the context, this study seeks to develop sustainability indicators that
can be used by the electronics industry to assess the level of practice and performance during production that are related to
product recovery after the use phase, in order to better understand how companies are acting to reduce the environmental
impacts of their products at the end of their life cycle. Initially, critical success factors related to environmental management
of the product’s end-of-life are obtained. Then, some of those critical success factors are prioritized, giving rise to the indica-
tors of sustainability used in the benchmarking method. Benchmarking was performed in electronics Brazilian companies,
and the data was obtained by means of a questionnaire and interviews. It is concluded from the results that the proposed
indicators are suitable for measuring the levels of practices and performance of the participant companies in environmental
management at the end of the product life cycle as the indicators were able to portray faithfully the reality of each company.
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Introduction

The increase in industrial production activities has con-
tributed significantly to environmental degradation over
the years. Such degradation has led to social awareness,
resulting in governments and industries themselves to seek
methods to reduce the environmental impacts of indus-
trial production. Many studies propose methods to mini-
mize the waste generated by manufacturing companies,
since consumption of products shows a strong tendency to
increase (e.g. Tisserant et al. 2017), while product lifespan
decreases, caused by factors such as the manufacturer’s
planned obsolescence (Diegel et al. 2010), or the consum-
er’s desire to have the latest launched products (He and Xu
2014). This form of consumption demands more extraction
of raw material from our planet, which are processed in
increasing amounts, resulting in more waste (Davidson
et al. 2014).

From the point of view of sustainability, the current
consumption patterns compromise future generations
and assume that natural resources will be available for
the next generations (Brundtland 1987). In order to avoid
this trend, environmental, economic and social aspects can
contribute to mitigate the current process of environmental
degradation, moving towards a sustainable development
model (Stubbs and Cocklin 2008). It should be highlighted
that the actions of companies in the manufacturing sector
regarding sustainability involve collection, disassembly,
remanufacturing, recycling, correct disposal of waste,
among others. These actions are focused directly on the
final phase of the product life cycle (Kumar and Putnam
2008).

This context has led to an increasing interest in sus-
tainability in a significant part of the world, including the
scientific community, which has sought to develop works
on related themes. However, many of those research works
generally emphasize wide-ranging environmental reports,
leaving specific performance indicators in the background
(Roca and Searcy 2012).

Given this scenario, this work proposes a method to
diagnose the practices and performances of companies in
the electronic products sector, focusing on the final phase
of the product life cycle. Electrical and electronic products
were considered in this work because they are major con-
tributors to the environmental footprint (Frota Neto et al.
2010) and due to their widespread use and current short
lifespan (Pini et al. 2019). The proposed method is based
on the Lean Benchmarking methodology (Seibel 2004),
with the novelty that Critical Success Factors (CSFs) were
used to determine the practices and performances of dif-
ferent manufacturing companies in order to position them
comparatively to one another. It should be pointed out that
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most of previous works focusing on the problem of man-
aging the end-of-life (EOL) of electrical and electronic
products apply their studies to a specific type of product
(for example, mobile phones, transformers), whereas this
work considers different types of electronic products.

The rest of the paper is organized as follows: The next
section provides an overview the electronic product sector
to highlight the issues around waste generation. “Proposed
benchmarking of sustainability method” section emphasizes
on the importance of critical success factors and bench-
marking of sustainability. “Results and discussion” section
elaborates the methods employed, and the following section
discusses the results in detail. Finally, “Conclusions” section
concludes this research by highlighting the limitations and
identifying the areas of future research.

Literature review
Electronic products and the environment

In the last forty years, there has been a significant increase
in the number of electronic products such as computers and
mobile devices, revolutionizing daily life in the areas of
communication, entertainment, and personal productivity.
It is estimated that since 1980 more than 900 million desktop
and laptop computers, and more than 700 million cathode
ray tube screens and flat panel monitors have been sold in
the US alone (US EPA 2011). The total market for personal
computing devices has grown 11% in the world in the last
few years (Meyer and Katz 2016).

The growth of this sector results in concerns about sus-
tainability, since there are many environmental impacts asso-
ciated with electronic products, such as (a) climate change
resulting from energy consumption in their manufacturing
processes and use and (b) at the end of life some electronic
devices may present risk to the human health and the envi-
ronment due to the release of heavy metals such as cadmium
and lead (Teehan and Kandlikar 2013). A recent report by
US Environmental Protection Agency (EPA 2018) points out
that 3.09 million tons of consumer electronics goods were
produced in 2015, whereas the rate of selected consumer
electronics for recycling in 2015 was only 39.8%. Resource
recovery from EOL products is becoming increasingly
important for the electronics industry (Goggin and Browne
2000). Some of the reasons for recovery of electrical and
electronic products include legislation (e.g. Directive EC
2012), trade-in value of reusable products and the recycling
potential due to a significant fraction of precious metals. In
view of the increased sales of these devices, manufactur-
ers, policymakers, and buyers should seek ways to reduce
environmental impacts during and after the life of electronic
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products by encouraging sustainability, such as using safer
materials and reusing the products.

The electronic products considered in this work include
LED televisions, smartphones, microwave ovens, conven-
tional telephones, computer monitors, CPUs, CD players,
and printed circuit boards (PCBs). Most of these products
are composed of plastics, glass, ferrous and non-ferrous met-
als, and the main components of some of these products are
depicted below.

A microwave oven is made up of materials such as plastic,
glass, and metals. The electronic boards contain heavy met-
als such as lead and cadmium, making them the components
with the most difficult destination in this product, having to
be sent abroad (Luther 2009). PCBs are composed of several
layers of silicon and glass fibres interposed by copper and
other metals. On the surface soldering points based on lead,
tin, and silver are found. For electronic contacts, gold is used
(Goodman 2002).

Among the materials used in the central processing unit
(CPU), many are toxic such as lead, mercury, arsenic, cad-
mium, and chromium, as well as plastic components con-
taining brominated flame retardants, halogenated substances,
and polyvinyl chloride (PVC), which generates dioxins
and furans when incinerated and are also considered toxic
(Fisher et al. 2005). Besides these materials, rare and pre-
cious metals are also used: gold, silver, platinum, palladium,
and gallium (Goodman 2002).

A smartphone is composed on average of 500-1000 com-
ponents of different materials, being semiconductors and/
or precious metals. The most important materials used in
smartphones are ceramics, ABS, silver, zinc, nickel, iron,
silicon, epoxy, copper, gold, and lead (Singhal 2005).
Regarding the battery, the material used is lithium ion (Van
Noorden 2014), it is clear that these electronic products gen-
erate plenty of wastes which are toxic in nature and simulta-
neously create major challenges for recycling/reuse.

Environmental assessment of electronic products

This subsection describes previous works that performed
environmental assessment of electronic products.

Chancerel et al. (2009) used substance flow analysis
(SFA) on a process level as a means to decide about process
and product life cycle improvements, as well as to contrib-
ute to knowledge about material cycles. They applied the
proposed method in a facility in Germany and inferred that
after preprocessing (which includes depollution and pre-
shredding), despite the high recovery rates for elements such
as iron and copper, only a quarter of gold and palladium ends
up in outputs from which precious metals may be recovered.
In order to reduce the losses of precious metals, they sug-
gest removing manually the relevant materials (e.g. PCBs)
to avoid shredding them.

Katsamaki and Bilalis (2012) proposed a method based
on lean thinking to recommend actions to guide redesign
proposals for electrical and electronic products seeking to
minimize impact to the environment after the end of their
useful life. Product design characteristics are examined
regarding their relevance to the environment in the EOL
stage, and product improvement actions are suggested. They
applied the method to a distribution transformer, and some
of the suggested redesign actions include use of parts that
can be easily separated and reused, use of materials that can
be recycled, use high-purity materials.

Shuaib et al. (2014) proposed the Product Sustainability
Index, which provides a comprehensive product sustainabil-
ity assessment (PSA) during its life cycle. They performed
sustainability evaluation and comparison of two genera-
tions of an electronic product. Harivardhini and Chakrabarti
(2016) proposed a model to estimate EOL disassembly effort
during early stages of product design. Their method was
applied to a CRT monitor disassembly process.

Long et al. (2016) investigated EOL processes, including
remanufacturing, reconditioning, repairing, recycling, reus-
ing and disposal of e-waste. They disassembled five mobile
phones, and identified the component material, weight,
joining method, possibility of re-attachment and damage of
disassembly. Based on their findings, they suggested ways
to improve design for disassembly, including: (a) use of
reusable joining methods, (b) use durable materials that can
survive disassembly, and (c) identification of components
by means of a QR code. In order to evaluate how the design
of batteries can affect the lifespan and potential reuse of
PC-tablets and subnotebooks, Peir6 et al. (2017) presented
a method to analyse the removal of battery packs so as to
facilitate their replacement and reuse. Bulach et al. (2018)
proposed a recycling route for power electronics modules
from electric vehicles and compared their route with car
shredders and subsequent post shredder tasks (e.g. sorting).
They applied Life Cycle Assessment (LCA), which showed
good results for both processes, but the proposed power
electronics recycling route enables higher recovery rates
for gold, silver and palladium.

Pini et al. (2019) compared the environmental perfor-
mance, external costs and job creation during the life cycle
of new and reused electrical and electronic equipment using
LCA. They identified a scenario in which the environmental
harm of reconditioned electrical and electronic equipment
decreases compared to the new one. Also, their analyses of
external costs and social aspects confirm that the prepara-
tion for reuse activity allows obtaining a more sustainable
product than a new one.

More recently, Bovea et al. (2020) proposed a methodol-
ogy based on LCA to choose between two end-of-life scenar-
ios (repair & reuse versus replacement) for different electric
and electronic equipment categories, considering the type
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of repair and the equipment’s lifespan. They concluded that
repair & reuse is environmentally better than replacement.
However, for failures such as those related to the motor or
PCBs, if they take place in a later product usage, it is better
to replace the equipment.

The works mentioned in this subsection, which used
methods such as Design for Environment (DFE), Industrial
Ecology and LCA, were important regarding the problem
of managing the EOL of electrical and electronic products.
However, most of those works apply their studies to a spe-
cific type of product. Previous studies that considered dif-
ferent types of electronic, did not use CSFs to determine
the practices and performances of different companies,
identifying indicators that the company should improve to
minimize environmental impacts. Previous works that used
CSFs to support decision-making by companies regarding
minimization of environmental impact will be reviewed in
the next subsection.

Critical success factors (CSFs)

The management process and performance evaluation
involve a large amount of data, information and various
decision alternatives. Therefore, managers must establish
priorities and have the data and information necessary for
their actions. For this, the concept of critical success fac-
tors (CSFs) (Achanga et al. 2006) can be used, which seeks
to refine the data and develop an information system that
both senior managers and operators can use. Some previous
works used CSFs to perform environmental assessment of
companies, and those works are referenced below.

Kim and Rhee (2012) examined the impact of CSFs on
the performance of Korean companies in the context of
green supply chain management (GSCM). They inferred
that planning and implementation was the dominant factor
regarding company performance, followed by collaboration
with partners and integration of infrastructure. They also
concluded that increased costs and burdens were obstacles
to GCSM in Korea. Chuang and Yang (2014) proposed a
model to assess the performance of green manufacturing,
and to identify key success factors of its implementation in
three companies that manufacture similar products. They
concluded that the key success factors for implementing
green manufacturing are proportion of non-toxic materials,
compliance with eco-ordinances, proportion of biodegrad-
able materials, environmental pollution per product and
extent of process pollution.

Luthra et al. (2015) performed a study to assess key suc-
cess factors behind successful implementation of environ-
ment sustainability in Indian automobile industry supply
chains. They identified critical success factors and per-
formance measures of GSCM from both the literature and
experts from Indian automobile industry. A questionnaire
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was designed, from which six CSFs (Internal management,
Customer management, Regulations, Supplier manage-
ment, Social and Competitiveness) to implement GSCM
for achieving sustainability and four expected performance
measures (Economic, Social, Operational and Environmen-
tal performances) of GSCM practices. They inferred that the
CSF “Competitiveness” is the most important for achiev-
ing sustainability in Indian automobile industry. Seth et al.
(2016) developed a framework to analyse CSFs and perfor-
mance measures in a green manufacturing context in the
Indian cement industry. Examples of CSFs included Top
management, Organisational practices/Culture and Green
infrastructure, whereas Quality performance, Green per-
formance and Customer satisfaction are instances of per-
formance measures. They highlighted that top management
commitment and human resource management provide sig-
nificant green benefits. In this line, Jabbour et al. (2017) ana-
lysed the relationship between CSFs (Information manage-
ment, Total involvement of employees, Measurement, Top
Management Commitment, Supplier management, Training,
Competencies for greener, products & processes) and the
adoption of GSCM practices for three focal companies that
manufacture automotive batteries in Brazil. They also ana-
lysed how human issues can help to increase the effective-
ness of CSFs for GSCM strategies. Companies with better
attention to the considered CSFs achieved better GSCM and
environmental management results. Raut et al. (2017) iden-
tified CSFs and assessed their importance with respect to
sustainability and applied to companies of the oil and gas
sector in India. Some of the CSFs are: Hazardous materials,
Cost reduction, Environmental regulations and Training and
education. They concluded that “Global Climatic Pressure
and Ecological Scarcity of Resources” is the most influential
criterion regarding implementation of sustainable practices.

Recently, Jabbour et al. (2018) evaluated whether Indus-
try 4.0 can enhance environmentally sustainable manu-
facturing and proposed the careful management of CSFs
in this context. Some of the proposed CSFs in their work
are: Management leadership, organisation, education and
training, Data management, Top management support and
Communication.

Although the results obtained by the above works showed
the usefulness of CSFs toward providing appropriate means
for environmental benefits, none of them dealt with compa-
nies that manufacture specifically electronic products, and
the management of their end of life cycle.

Wittstruck and Teuteberg (2012) carried out a study to
identify and analyse success factors toward sustainable sup-
ply chain management (SSCM) and performed an empiri-
cal study on recycling of electrical and electronics products
manufactured by German companies. They inferred that
signalling support to sustainable development to partners
and stakeholders, information provision and the adoption
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of appropriate standards are very important preconditions
for SSCM success, since they lead to strategy commit-
ment, mutual learning and the establishment of ecological
cycles. They did not include in their work the consequences
of improved health and safety standards or the increase in
employment rights on the performance of companies.

Indicators of sustainability

An indicator is an evaluation mechanism formulated in a
measurable basis, being expressed by numbers in associated
values and scales (Popova and Sharpanskykh 2010). Indica-
tors can be established as a management method across the
company.

Sustainability indicators are measurable aspects to moni-
tor changes in characteristics relevant to the prolongation of
human and environmental well-being (Fiksel et al. 2012).
The process of developing sustainability indicators has been
explored by some authors (e.g. Lehtonen et al. 2016; Mas-
carenhas et al. 2015). For example, Marshall et al. (2015)
attempted to conceptualize and operationalize the concept
of supply chain management sustainability practices. Based
on the survey of 156 supply chain directors and managers in
Ireland, their study developed theoretically sound constructs
on four underlying sustainable supply chain management
practices: monitoring, implementing systems, new product
and process development and strategy redefinition. Roca and
Searcy (2012) sought to identify the indicators being used in
corporate sustainability reports in Canada, and the indica-
tors were identified based on a content analysis of 94 reports
from Canadian companies.

Tahir and Darton (2010) described a method in which a
set of indicators is designed from a production operation.
The indicators characterize the impact of the operation on
the value residing in three domains: environment, economy,
and social (Savitz and Weber 2006). From an analysis based
on the definition of sustainable development, they verify that
these impacts are related to two business perspectives: the
efficiency of the resources, and the impartiality with which
the benefits are distributed among the interested parties.

Tseng et al. (2016) proposed a method to deal with the
linguistic preferences in hierarchical structure of firms’
green supply chain (GSC) capability. Data were collected
from supply chain networks of electronic manufactur-
ing industry in Taiwan. The authors inferred that the most
important capability criteria (which may be considered as
indicators) are: environmental costs, strategic alliances,
environmental audits of suppliers, environmental standards
for suppliers, standardized operational procedures, and envi-
ronmental department and teams. Also, energy-conservation
efforts oriented toward electronic manufacturing firms is the
best competitive factor in terms of GSC capabilities.

Schoggl et al. (2016) proposed supply chain sustainability
indicators for the European automotive and electronics com-
panies in order to facilitate sustainability assessment. Some
of the indicators include: Hazardous substances, Waste
management, Occupational Health and Safety, Employee
training. The indicators were derived from the literature as
well as from interviews involving sustainability and industry
experts. They point out that information obtained from the
indicators can be used in supplier evaluation, monitoring
and selection, procurement, and sustainable product devel-
opment. However, their work did not relate the proposed
indicators to the companies’ performance regarding the
environment.

Benchmarking

Benchmarking began in the late 1970s as a philosophy that
seeks the best practices that guide a company to maximize
its performance. The initial milestone was the study by
Xerox that sought to compare its operations with those of
its competitors (Elmuti and Kathawala 1997).

Organizations began to focus on learning what and how
leading companies do to reach the top position. The analy-
sis of the processes, regardless of what they are, offers the
opportunity to evaluate the quality of the process and learn
lessons that can be adapted to the specific reality of another
business or activity (Seibel 2004). The Benchmarking of
Sustainability method, proposed in this work, is inspired
by the Lean Environmental Benchmarking (LEB) method
proposed by Tomelero et al. (2017), which was applied in
different companies. The LEB method presents a structure
that can be applied to the study of end-of-life management
of products, and one addition to the LEB method for such
study was the use of CSFs to originate the indicators. The
proposed method will be described in the upcoming sections
of the paper.

Proposed benchmarking of sustainability
method

In this section the steps of the benchmarking of sustainabil-
ity method are described in detail.

Proposed critical success factors (CSFs)

CSFs were obtained by a comprehensive review of literature
regarding the CSFs involved in the end of the life cycle of
electronic products.

To begin the search for publications, the terms “managing
end-of-life cycle electronic products” were used. 129 papers
were obtained, out of which 16 were selected as directly rel-
evant. They deal with the management of the final phase of

@ Springer



L. G. da Costa et al.

the life cycle of various electronic products such as cameras,
air conditioners, washing machines, computers, telephones,
printers and electric heaters, among others. These papers
deal with processes of remanufacturing, reconditioning,
recycling, reuse and correct waste disposal.

The critical success factors were obtained from the fol-
lowing publications: Tan et al. (2014), Wang and Chen
(2012), Babbitt et al. (2011), Kuo (2010), Bandyopadhyay
(2010), Iakovou et al. (2009), Xanthopoulos and Iakovou
(2009), Johansson and Huge Brodin (2008), Gehin et al.
(2008), Duflou et al. (2008), White et al. (2003), Qian and
Zhang (2003), Mangun and Thurston (2002), Gable and
Shireman (2001), Yu et al. (2000), Goggin and Browne
(1998).

30 factors were identified from publications, and cita-
tions ranged from two to five times. Observing the factors
found, they can be classified into four groups: (a) environ-
mental impact: this group encompasses the factors that

deal with items that can generate or prevent environmental
impacts; (b) regulation: includes factors related to regu-
lation and incentives by the government; (c) identifica-
tion: those that suggest that for the best destination of the
product in the post-use phase it is important to know the
information about the product; and (d) recovery: informa-
tion that classifies the product as to its recoverability and
what the market expects. Table 1 shows the CSFs found in
the literature, already grouped.

It is noticed in Table 1 that the number of CSFs
obtained was high and, for the application of the method
in the companies, it was sought to identify the CSFs that
were considered the most relevant by the companies. A
description of this procedure is given in Costa (2016),
which is based on the application of an initial question-
naire (known as CSF prioritization questionnaire) that was
applied to 60 industry professionals and researchers in the

Table 1 Grouped CSFs and
their occurrences in the
publications considered

Group

Critical success factors (CSFs)

Occurrences in
the publications

Environmental impact

Hazardous waste
Recovery prediction

Regulation

Regulation and standards for recovery
Incentives by the government for recovery
Life of the product

Variability of materials in the product

Identification

Identification of components

Identification of the manufacturer
Identification of materials

Identification by make and model
Identification of the quantity of components
Identification of value, time, and quantity

Recovery

Quantity of recoverable material per product

Time to recover the product

Cost to recover the product

Destruction of part of the product in order to be recovered
Variability of the components

Variability of dimension of the recovered product
Quantity of fixturing elements

Composition of the recovered product

Auvailability of products to be recovered

Knowledge of the recycling coefficient of the product
Information about the recovered product

Tracking the product life cycle

Information that help product recovery

Prediction of product recovery by a portion of the market

Relation between the product that enters the market and

Environmental impact due to improper disposal

Government regulation

Weight of recovered material per product

e N T N I R I R S N T S R UV RSOy U S U U U SR S I S T )

recovered product
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area of sustainability in Brazil. There were five questions
in this first questionnaire, which were the following:

1. In your opinion, what are the critical success factors of
the 30 listed below that are essential for the management
of the post-use phase of electronic products and com-
ponents (recovery/reconditioning/recycling/disposal)?
Mark T for true or F for false.

2. Mark with X only 10 factors that should not be included
in this list, as they are not completely relevant to the
management of the final phase of the life cycle of elec-
tronic products and components.

3. Which other CSF not listed in this list do you consider
important for the management of the post-use phase of
electronic products and components? Why?

4. On a scale between 1 and 4, fill out how important each
CSF is for the post-use management of electronic prod-
ucts and components (1: Not important; 2: Low impor-
tance; 3: Important; 4: Highly important).

5. Regarding the relevance for the recovery of electronic
products and components, mark according to the scale
between 1 and 4 the sets of CSFs (1: Not important; 2:
Low importance; 3: Important; 4: Highly important).

After applying the other steps in the method proposed
by Costa (2016), five CSFs were considered more relevant
by the industry professionals and researchers in the area of
sustainability who responded the CSF prioritization ques-
tionnaire, which are: (a) identification of materials; (b) envi-
ronmental impact due to improper disposal; (c) quantity of
recoverable material per product; (d) government regulation;
(e) hazardous waste. Of these five most relevant CSFs, two
are part of the Environmental Impact group, and each of the
other three groups (Regulation, Identification, and Recov-
ery) has one of these factors. These five CSFs are used for
the development of sustainability indicators, which will be
presented in the next subsection.

Indicators

This subsection describes the procedure for the development
of the indicators and the structuring of the second question-
naire (known as benchmarking questionnaire), which is used
to perform benchmarking.

Steps to obtain and evaluate the indicators

The steps to define the indicators from the selected five CSFs
are based on Barbosa (2011). The initial stage for creat-
ing and structuring of the indicators consists of finding the
variables susceptible to measurement that can be related to
the CSFs for the evaluation of the management of the final
phase of the life cycle of products of the electronics industry.

According to Barbosa (2011), the variables are determined
by means of questions, which are elaborated in an attempt
to establish quantitative relationships. The questions are
placed in the second column of Table 2, whereas variables
are shown in the third column of Table 2. For example, for
the CSF “Quantity of recoverable material per product” one
possible question is “Are there studies aiming at designing
products to favour recycling?”’, for which the following vari-
able susceptible to measurement is proposed: “Existence of
studies aiming at designing products that favour recycling”.
A total of 22 variables were determined.

Subsequently, according to the guidelines used by Bar-
bosa (2011), the objective (fourth column of Table 2) and the
justification (fifth column) are defined for each variable. The
objective for this variable pointed out previously is “Identify
if the company has some project that helps processes and
post-use of the product”, and the justification is “By means
of design studies for reuse/recycling the efficiency of post-
use processes can be increased”.

Table 2 also shows the type of measure that each indica-
tor should return, which are: quantity, binary (yes or no),
description. For the example considered, the measure cor-
responds to “Existence or not of studies aiming at designing
products that favour recycling (Binary)” (eighth column of
Table 2).

The final step is the evaluation that attempts to confirm
whether the measurable variables are indicators. This evalu-
ation takes place by means of the analysis of the following
properties (Soares Jr. and Quintella 2008): relevance, grada-
tion of intensity, univocity, standardization, and traceabil-
ity. After verifying these properties, all 22 variables related
to the CSFs are considered indicators, and they were used
in the benchmarking questionnaire to provide data for the
benchmarking analysis.

Questionnaire for benchmarking

The benchmarking questionnaire was developed to quantify
the level of practices implemented in the production systems
of the participant companies, and also their level of perfor-
mance. Then, they were compared with the indices achieved
by other companies in the same sector.

Practice and performance are considered for each group,
as shown in Fig. 1. The benchmarking questionnaire’s scor-
ing system is based on intervals ranging from 1 to 5, which
describe the following scores for each item to be measured:

e Score 1—corresponds to a basic level of practice or per-
formance (20%);

e Score 3—corresponds to an intermediate level of practice
or performance (60%);

e Score 5—equals excellence in practice or performance
(100%).
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Benchmarking of sustainability to assess practices and performances of the management of the...

Table 2 (continued)

Measure

Element Factor

Justification

Objective

Variables susceptible
to measurement

Questions

CSF

Check if the company The company has Identified materials  Existence of informa- Existence or not of
tion about the life

Existence of informa-

The company knows

Identification of

information about

studies of Life Cycle
Assessment of the

has information on
the life cycle of the

materials

tion about the life

the life cycle of the

materials

the life cycle of the

cycle of the identi-

cycle of the identi-

identified materials?

identified materials in
the product (Binary)

fied materials in the

product

materials that com-
pose the product

fied materials in the

product

e Scores 2 (40%) and 4 (80%)—refer to intermediate evalu-
ation values of the item.

The results are presented in the next section.

Results and discussion

This section reports the findings of the benchmarking of
sustainability method based on the data collected from com-
panies of the industrial pole of Manaus, in northern Brazil,
in the electronics sector. In total sixteen companies were
approached for this study, but seven of them declined to par-
ticipate. The companies that participated in the study were
large-sized, except for one medium-sized company. Table 3
shows the products manufactured by the nine companies and
their number of employees.

Method to apply the benchmarking questionnaire
in the companies

The choice of the professionals to answer the benchmarking
questionnaire was made according to Seibel (2004): manag-
ers, supervisors and engineers who work directly with the
products considered were invited. Soon after the companies
agreed to participate in the survey, meetings were held to
present the proposed research to all those involved, as well
as a discussion on sustainability. Then the questionnaire was
applied with the 22 indicators. The companies were given
adequate time to complete the questionnaire (4-5 months)
with follow up by researchers in between to check and clar-
ify any doubts they had.

Analysis of the results

With the data from the nine companies, the benchmarking
questionnaire was charted using the Lean Environmental
Benchmarking (LEB) method (Tomelero et al. 2017). The
companies were referred as E1, E2, E3, E4, ES, E6, E7, ES,
and E9.

Analysis of the chart of practices and performance

The chart of practices and performances shown in Fig. 2
places the participant companies based on the general indi-
ces of practices and performances obtained by applying the
benchmarking of sustainability method. It should be noted
that companies E1 and E2 presented equal general indices
of practices and performance.

With the data shown in Fig. 2, companies can be analysed
based on their position in the performance and performance
chart (Hanson et al. 1994).

@ Springer
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Fig. 1 Determination of the

practices and performance of |dentification Regulation
companies Impact

Environmental
Recovery

% Final % Final
Practice Performance

Table 3 Product and number of employees The best companies are positioned in quadrant I, while the
Products Number of worst companies are positioned in quadrant I'V. Companies
employees in quadrant II are considered “promising” by Hanson et al.

(1994), while companies in quadrant III are “vulnerable”.

Pr%med Cfrcuft boards 900 Companies E1, E2, E5, and E6 are considered promising
Printed circuit boards 170 because they have invested in practices but have not yet had
CPUS. . 4100 return on their investment due to the short time the practices
Te}eVISlonS 2800 began to be implemented. Company E3 has 55% of practice
Microwave ovens 1200 and 52% of performance, being therefore in quadrant IV
Smartphones 2300 (worst companies), and the same applies to companies E4,
Computer Monitors 700 E7. ES. and E9
CD players 1500 The average level of practices implemented in the nine
Conventional telephones 740 electronics companies under study is 59%, and the average
performance level is 44%, as shown in Fig. 2. These val-
ues would place the group of companies in the worst quad-
rant, showing that the companies are far from sustainability
100%
90% { Quadrant Il Quadrant |
809, Company Practice Performance
El 0% 40%
L) E2 70% 40%
8 60% E3 33% 52%
c
§ 50% 2 O3 E4 45% 47%
£ - I3 ES 83% 4%
g 40% E9 g; 7 [ ] E6 61% 43
AVERAGE ~ ELE2 i i
30% E7 48% 43%
20% ES8 50% 42%
EQ 45% 43%
10% -
*1 quadrant v Quadrant Il Average 39% 44%
0% : . . . . . . . . )
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Practices

Fig. 2 Indices of practices X performances of the participant companies
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excellence, which may be threatened in a market that is
increasingly committed to environmental concerns.

Analysis based on the radar chart

The values of the practices and performances in the par-
ticipant companies are shown in Table 4, and the resulting
radar chart is illustrated in Fig. 3. The values below 60% for
each company are highlighted in italics in Table 4. It can
be noticed that companies E1 and E2 have the same values,
whereas E6 and E7 have only one different value.

The values closer to the centre of the radar chart show
weaknesses, indicating where the company has a greater
opportunity to carry out improvement actions with more
effective results. On the other hand, the points closest to the
edges of the graph indicate the best results.

In view of the information contained in the radar chart, it
can be verified that the practice indices are higher than the
performance indices, with the exception of the Recovery fac-
tor, where the performance value is higher than the practice
value. The cases in which the average performance is lower
than the average practice usually correspond to the situation
in which the actions have been implemented for a short time,

and require time to be consolidated in order to reflect the
performance of the company.

Analysis based on the bar chart

The 22 indicators of practice and performance are shown
in Table 5, and Fig. 4 shows the average obtained by all
these. It can be verified that the indicators of the variable
Recovery (“RE”) are the ones that present worse results,
while the indicators of the variable Regulation (“RG”) are
the best evaluated.

In order to identify the causes of the low level of practice
and performance of the companies, Tables 6, 7, 8 and 9 show
the results of each indicator. The results are presented for
the factors environmental impact, recovery, regulation and
identification, and the indicators with the worst scores are
marked in italics.

The performance of the Environmental Impact factor is
shown in Table 6. Practice indicators IA02 (Possibility of
redesigning the product to reduce the level of environmental
impact) and IAO5 (Existence of a program aimed at reduc-
ing environmental impact), and performance indicators IA04
(Existence of information on the packaging or product label

Table 4 Values of the practices and performances in the participant companies

E1(%) E2(%) E3(%) FEA%) E5(%) E6(%) ET7(%) E8(%) E9 (%)  Average (%)
Environmental Impact PR % 60 60 55 55 90 65 65 60 55 63
Environmental Impact PF % 40 40 47 47 57 53 53 47 53 49
Recovery PR % 20 20 20 20 40 20 20 20 20 22
Recovery PF % 40 40 40 40 40 40 30 40 40 39
Regulation PR % 100 100 87 87 100 100 100 100 87 96
Regulation PF % 60 60 80 80 60 60 60 60 60 64
Identification PR % 100 100 60 20 100 60 20 20 20 56
Indentification PF % 20 20 40 20 20 20 20 20 20 22

Fig.3 Radar chart of practices
and performances in the partici-
pant companies

Indentification PF %_—

Identification PR %

Regulation PF % ™~

Environmental Impact PR %

100% -~

—@—F1

— Environmental Impact PF %
——FE2

E3

E4
= FE5
—@—E6
—g—FL7

=—@=F3

- .Recovery PF %
=—@=—F9

Regulation PR %
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Table 5 Indicators of practice and performance, and their codes

Factor Code Indicator

Environmental Impact IA01 Possibility of occurring environmental impact due to the improper disposal of the product
1A02 Possibility of redesigning the product to reduce the level of environmental impact
1A03 Correct destination of the product after the use phase
1A04 Existence of information on the packaging or product label on the correct destination

after the use phase

1A05 Existence of a program aimed at reducing environmental impact
1A06 Presence of hazardous waste
1A07 Quantity of dangerous waste
1A08 List of hazardous waste
1A09 Existence of training for the employee to handle hazardous materials
1A10 Possibility of separating safely the hazardous waste

Recovery REO1 Existence of program/partnership for recovery/recycling products
RE02 Existence of studies for designing products that favour recycling
REO3 Weight of recoverable material per product
RE04 Percentage of material recoverable per product

Regulation RGO1 There is regulation by the government
RGO02 Presence of governmental incentives
RGO3 The company has the ISO 14000 standard certification
RG04 The environmental policy of the company is known by everyone
RGO5 Environmental certifications in the process of being obtained

Identification 1IDO1 Quantity of material identified per product
1D02 Existence of information about the life cycle of the materials identified in the product
D03 Inform the customer the list with the main materials that compose the product

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

IA02 1A03 IAO5 IAO8 IAO1 1AO4 1AO6 IAO7 IAOS IA10 REO1 REO2 REO3 REO4 RGO1 RGO2 RGO3 RGO4 RGOS IDO2 IDO1 1DO3

Fig.4 Bar chart of the indicators for the participant companies

on the correct destination after the use phase), and IA06
(Presence of hazardous waste) had the worst scores in most
companies. Thus, these practice and performance indicators
should be prioritized by the companies in order to achieve
better results regarding environmental impact. For exam-
ple, in order to reduce the presence of hazardous waste, the

@ Springer

design and/or manufacturing processes of the product should
be changed by the companies in order to reduce or eliminate
the presence of hazardous materials.

The indicators of the factor ‘Recovery’ in Table 7 with
the lowest scores on practices were REO1 (Existence of pro-
gram/partnership for recovery/recycling products) and RE02
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Table 6 Performance of the companies regarding the factor Environmental Impact

Factor Type Indicator Company Average (%)
El (%) E2(%) E3(%) E4A(%) E5(%) E6(%) ET(%) E8(%) E9 (%)
Environmental impact PR 1A02 20 20 40 20 100 60 20 60 20 40
1A03 100 100 60 60 100 80 60 60 80 78
1IA05 20 20 20 40 60 20 20 20 20 27
IA08 100 100 100 100 100 100 100 100 100 100
PF IAO1 20 20 60 60 20 40 60 60 40 42
1A04 20 20 20 20 60 20 20 20 20 24
1A06 20 20 20 20 20 20 20 20 20 20
1A07 20 20 20 20 60 60 100 20 60 42
1A09 100 100 100 100 100 100 100 100 100 100
IA10 60 60 60 60 80 80 80 60 80 69
Table 7 Performance of the companies regarding the factor Recovery
Factor Type Indicator ~ Company Average (%)
El (%) E2(%) E3(%) FE4(%) E5(%) E6((%) ET1(%) E8(%) E9 (%)
Recovery PR REOI 20 20 20 20 40 20 20 20 20 22
REO2 20 20 20 20 40 20 20 20 20 22
PF REO3 20 20 20 20 40 20 20 20 20 22
RE04 60 60 60 60 40 60 40 60 60 56
Table 8 Performance of the companies regarding the factor Regulation
Factor Type Indicator =~ Company Average (%)
El (%) E2(%) E3(%) E4%) ES%) E6(%) ET(%) E8%) E9 (%)
Regulation PR RGO1 100 100 100 100 100 100 100 100 100 100
RGO02 100 100 100 100 100 100 100 100 100 100
RGO03 100 100 60 60 100 100 100 100 60 87
PF RG04 100 100 60 60 100 100 100 100 100 91
RGOS 20 20 100 100 20 20 20 20 20 38
Table 9 Performance of the companies regarding the factor Identification
Factor Type Indicator Company Average (%)
El (%) E2(%) E3(%) E4(%) E5(%) E6%) ET(%) E8(%) E9 (%)
Identification PR 1D02 100 100 60 20 100 60 20 20 20 56
PF 1D01 20 20 20 20 20 20 20 20 20 20
1D03 20 20 60 20 20 20 20 20 20 24

(Existence of studies for designing products that favour recy-
cling), and performance indicator RE03 (Weight of recover-
able material per product). According to Table 7, the factor
Recovery had the worst performance in comparison with the
other factors because three of the four indicators scored 1
(the exception was company ES, which scored 2). These low
scores of Recovery indicators point to the need to carry out

actions toward their improvement, which include the imple-
mentation of a program for product recovery/recycling, and
perform product design that takes recycling into account.
Performance indicator RG0S5 (Environmental certifica-
tions in the process of being obtained) of Table 8 presented
the worst value among the indicators of the Regulation fac-
tor, while for the other indicators the value was high. This

@ Springer
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result can be explained by the fact that most of the compa-
nies participating in the study already have environmental
certifications, and only companies E3 and E4 are in the pro-
cess of obtaining the certifications.

According to Table 9, the opportunities for improvement
are in performance indicators IDO1 (Quantity of material
identified per product) and ID03 (Existence of information
on the life cycle of the materials identified in the product),
which present low scores because the companies do not have
the information required by the indicator. In this context,
Jabbour et al. (2017) point out the importance of an environ-
mental information management system, and a significant
obstacle is the lack of knowledge and information sharing.

Response from the participant companies

A feedback on the analyses of the application of the bench-
marking of sustainability method was provided and dis-
cussed with the companies except with company E7, who
chose not to know the result. It was verified that the results
were presented in a clear way, since each of them understood
correctly where there was a need to intensify the improve-
ment actions. However, these improvements are actions in
which the company needs to be careful before implementing,
since they may affect the positioning of the product in the
market. For example, the packaging may display the mate-
rials that compose the product and its correct final destina-
tion. From the point of view of label marketing, such change
needs market research to determine its viability.

With regard to the indicators with low scores, the fol-
lowing are the responses from companies when asked about
what they intend to develop to improve these indicators:

e TAOQ2 (Possibility of redesigning the product to reduce
the level of environmental impact), and RE02 (Existence
of studies for designing products that favour recycling):
These were the indicators that companies show more
resistance in developing actions, since the difficulty lies
in not having the autonomy to start projects like these.
Most of the participant companies are branches of large
companies located in the industrial pole, which have their
research centres in other places. In this context, Li et al.
(2016) point out that product redesign adopting green
manufacturing concepts such as disassembly contribute
to: (a) making recycling cost effective, and (b) improving
green supply chain capabilities, which seeks to reduce
material, waste, energy and emissions.

e JAOS5 (Existence of program to reduce environmental
impact), and REO1 (Existence of program/partnership for
recovery/recycling products): At least five of the partici-
pant companies intend to have programs that meet these
indicators. Two companies reported having a reverse
logistics program to return the products they manufac-

@ Springer

tured, but when checking the company’s website, this
information was not available;

e [A04 (Existence of information on the packaging or prod-
uct label on the correct disposal after the use phase):
Some of the participant companies point out that they
do not have this information about packaging, but infor-
mation about the reverse logistics program will soon be
available on the companies’ website. Reverse logistics is
important in the context of green supply chain manage-
ment (Govindan et al. 2015; Hsu et al. 2016).

e JAO06 (Presence of hazardous waste): All the participat-
ing companies report using the least harmful materials
available on the market;

e REO03 (Weight of recoverable material per product), IDO1
(Quantity of material identified per product), and ID03
(Existence of information on the life cycle of materials
identified in the product): These are indicators that most
companies have shown to have no plan for short-term
action, and they argue that this information can be esti-
mated, but do not have it. With regard to indicator ID03,
the participant companies reported that they do not have
this information. However, during the discussion of the
results at least three companies point out that they have
the information, but it is not consolidated.

The obtained results are sources of quantitative informa-
tion for companies regarding practice and performance dur-
ing the production process, having a direct impact on the
final phase of the product life cycle. The benchmarking of
sustainability method carried out with the nine companies
provides a better knowledge about the company’s position
in the sustainable context and helps provide a better visuali-
zation of the aspects to be improved, enabling the creation
of action plans for reducing or eliminating environmental
impacts over the product life cycle.

Conclusions

The electronics industry is one of the largest and fastest
growing in the world, having produced 50 million tons of
electronic and electric waste in 2018 (World Economic
Forum 2019). In this context, a method that uses sustain-
ability indicators was proposed in this work to diagnose the
level of practices and performances of companies that manu-
facture electronic products so that processes in the post-use
phase of products reduce environmental impacts.

As a general result of the proposed benchmarking of sus-
tainability method, companies are positioned in the worst
quadrant (IV), but close to quadrant II (promising compa-
nies). Companies E1, E2, E5, and E6 were the ones that
obtained the best results, classified as promising companies.
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Regarding the practice indicators, it was identified that
participant companies should carry out actions towards
redesigning their products to reduce the environmental
impact (e.g. favouring recycling), as well as implementing
and improving a program to reduce environmental impact
(e.g. considering product recovery/recycling). With regard
to the performance indicators, the companies should include
information on the packaging or product label about the cor-
rect disposal after the use phase, and about the life cycle
of materials identified in the product. Also, the companies
should seek to eliminate hazardous waste and increase the
weight of recoverable material per product.

The results presented by the benchmarking analysis were
discussed with the representatives of the companies, who
considered them as corresponding to their reality. Thus, the
set of indicators was adequate to measure the level of prac-
tice and performance during the production process.

Although there are studies on environmental benchmark-
ing applied to electronics recycling products, our study is
perhaps the first to provide evidence from the electronics
sector on benchmarking of sustainability from a developing
country (Brazil). Additionally, the assessment carried out in
this paper encompassed the management of the end of life
cycle of electronic products. The proposed method can ben-
efit companies to assess and benchmark their sustainability
practices. The study, therefore, will not only facilitate the
understanding and further research around benchmarking of
sustainability but also stimulate research scholars to further
apply this in different industrial contexts beyond the elec-
tronics sector. This will help research and practitioner com-
munities in better understanding the method and its appli-
cation as well as the identification of potential challenges
that could be encountered in different context and propose
solutions to those problems. With better understanding,
managers will be able to formulate more effective strategies
for the improvement of their operations seeking to reduce
environmental impact.

Some critical success factors that could have been consid-
ered in the proposed method are the following: (a) informa-
tion quality and sharing (Luthra et al. 2015), which relates
to providing detailed information about the product and its
materials and processes to different areas of the company;
and (b) supplier management (Jabbour et al. 2017), which
involves education and awareness of suppliers regarding
environmental issues, carrying out environmental inspec-
tions, requirement of an environmental management system
and certifications.

As the current study is limited to electronic products,
future research could focus on applying the benchmarking
of sustainability method in production chains such as metal
mechanic and automotive. Moreover, and as this study was
limited to Brazilian companies, testing this method in dif-
ferent regions across the globe would also be an interesting

area to explore. Finally, it is suggested extending the pro-
posed method to consider economic and social dimensions
of sustainability.
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tion, distribution and reproduction in any medium or format, as long
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