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ABSTRACT

Currently, there are limited techniques for non-experts to learn about the strengths and weaknesses of
different methods and software tools developed by industry and academia for assessing each aspect of
product sustainability performance. Moreover, the variety of available methods and software tools makes
it challenging for non-experts to identify the most appropriate analysis option. This research aims to
assist non-experts in selecting the most appropriate set of analysis methods and software tools prior to
conducting sustainable engineering analysis (SEA) based on life cycle data accessible to them. A
questionnaire-based ranking methodology is developed for non-experts, which reduces their time in-
vestment in examining the myriad SEA methods and tools and avoids non-value added effort. The
questionnaire uses an interaction matrix within a general mathematical modeling approach to map a
given set of methods and tools to user responses. Relevance weights are integrated within the matrix to
rank available environmental, economic, and social assessment methods and tools for user consideration.
To demonstrate the application of the methodology, a pilot project was conducted to improve the design
of a hexacopter. Results were compared using lower- and higher-fidelity software tools to demonstrate
the effectiveness of the relevance weights assigned to each tool. Assigned weights were determined to
enable differentiation between low and high fidelity methods and tools, but as new methods and tools
enter into use, these weights must be updated. The process of selecting SEA methods and software gives
insight into the utility of the interaction matrix implemented within the tool developed in this research.
Moreover, non-experts can compare various design alternatives using the selected analysis methods and
software tools to arrive at a solution with improved sustainability performance.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

product at its end of life (EOL) (Kremer et al., 2016). Social analyses
can be conducted at any point in the product's life cycle, with im-

If organizations are to pursue sustainable manufacturing, they pacts being determined using data acquired from the manufacturer

will need to assess the sustainability performance of their activities
(Gunasekaran and Spalanzani, 2012). This can be achieved by
evaluating the results obtained from sustainable engineering
analysis (SEA) (Hutchins et al., 2009), which encompass environ-
mental, economic, and social impacts (Elkington, 1997). Due to the
relevance of each of the three aspects of SEA to improving the
design and manufacturing of consumer products (Ramani et al.,
2010), which are generally sold to a myriad of customers in large
volumes, these are the focal point for applying this research. A
single product affects workers across the supply chain, end con-
sumers, and waste management personnel that interact with the
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or from publicly available information (Jergensen et al., 2007).
Similar to its social impact, the economic impact of a product
originates from high volume production. Consumer products often
have low margins, which can affect a product's production viability
or lead to lower worker wages or use of less skilled labor in
developing nations (Fisher, 1997). Some of these effects can be
quantified using economic impact analysis. Finally, the production,
use, and disposal of large quantities of consumer products can have
a significant impact on the natural environment (Duflou et al,
2012).

The environmental impacts of the way products are made, used,
and disposed can be quantified using life cycle assessment (LCA)
(Umeda et al., 2012). As LCA has evolved, relevant methods and
software tools have emerged and developed, as well. Sections 2.1
and 2.2 discuss several methods and software tools for


mailto:raoufik@oregonstate.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2019.05.016&domain=pdf
www.sciencedirect.com/science/journal/09596526
http://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2019.05.016
https://doi.org/10.1016/j.jclepro.2019.05.016
https://doi.org/10.1016/j.jclepro.2019.05.016

K. Raoufi et al. / Journal of Cleaner Production 229 (2019) 528—541 529

conducting SEA that are commercially available in the market or
have been developed by researchers for different users. Ciroth
(2012) distinguished two user types: professional modelers who
generate new models and model users who use available software
tools. In addition to these user types, a new type is defined herein as
non-experts in sustainable engineering, who are decision makers (e.g.,
engineering students and engineering practitioners) that do not
possess specialized knowledge of the different analysis methods and
software tools developed to assess each aspect of sustainability during
product design. These non-experts are unfamiliar with the available
SEA methods and software tools and need guidance to identify the
most appropriate ones based on the available information and the
goal and scope of their study.

The increasing number of methods and tools available in the
market requires users to invest their time in evaluating the vast
array before they can apply them for a specific purpose. To address
this need, Seto et al. (2016) developed a questionnaire enabling
practitioners to evaluate and select the most appropriate software
tool prior to conducting an LCA study. They defined adequate
flexibility, required sophistication and complexity of the analysis,
and usefulness of outputs as three key criteria for evaluating the
quality of the analysis. They applied the questionnaire to evaluate
five LCA tools, i.e., the Athena Impact Estimator for Highways, the
Building for Environmental and Economic Sustainability (BEES)
tool, Ganzheitliche Bilanz (GaBi), Quantis Suite 2.0, and SimaPro, for
assessing the environmental impacts of seven concrete products in
Canada. While the authors were able to evaluate the quality of life
cycle inventory (LCI) data in each tool based upon their criteria, the
focus was only on the environmental aspect of sustainability.

Prior research in the sustainable engineering domain has not
addressed the needs of non-experts for selecting the most appro-
priate SEA software tools and methods to analyze product design
alternatives by considering all three aspects of sustainability (Khan
et al,, 2017; Sharma et al., 2017). This process may be confusing for
non-experts, since an increasing number of SEA methods and tools
are available (Raoufi et al, 2019b). Thus, the objective of this
research is to enable non-experts to identify a set of appropriate
methods and software tools prior to conducting SEA through the
use of a decision support tool. A decision support methodology, in
the form of a brief questionnaire, is developed in this research. This
approach will help non-experts avoid the effort of examining the
myriad methods and tools and aid them in more rapidly identifying
the best options for performing SEA. The rest of this article is
organized under four sections. Recently developed methods and
software tools for conducting SEA are presented in Section 2. The
methodology, questionnaire, and supporting interaction matrix
developed under this research are described in Section 3. The
application of the methodology is demonstrated in Section 4 using
a hexacopter design case study. Discussion of the results is pre-
sented in Section 5. Finally, conclusions and directions for future
work are discussed in Section 6.

2. Literature background

Sustainable development requires product designers and engi-
neers to be cognizant of potential environmental and social impacts
of their decisions, as well as costs of production, from the earliest
phases of design. Since the rise of mass production, manufacturers
have endeavored to manage resources (e.g., materials, energy, and
labor) efficiently with the goal to reduce costs. Sustainable
manufacturing expands this traditional philosophy to also include
social and environmental aspects in continuous improvement ac-
tivities, policies, and practices. Sustainable manufacturing has been
defined as the creation of goods or services using a system of processes
that simultaneously addresses economic, environmental, and social

aspects in an attempt to improve the positive or reduce the negative
impacts of production by means of responsible and conscious actions
(Garretson et al., 2016). Various methods and software tools have
been developed for impact analysis for each of the three aspects of
sustainability. Recent methods developed for conducting SEA are
presented in Section 2.1. In Section 2.2, the recent SEA software
tools are presented. In Section 2.3, the limitations of prior work are
summarized.

2.1. SEA methods

SEA methods have been developed for economic and social
impact assessment. The main goal of economic impact assessment
is to evaluate the economic viability of a product for a company or
for a consumer. Lu et al. (2011) defined product economic metrics
(e.g., operating cost and profit) as well as process economic metrics
(e.g., labor and maintenance cost) to evaluate the sustainability
performance of a product or a manufacturing process. From an
economic perspective, a commercial product cannot survive in the
marketplace if it is not financially viable for the consumer and/or
the company that produces the product. Some commonly used
economic analysis methods include life cycle cost analysis (LCCA),
cost-benefit analysis (CBA), and break-even analysis (BEA).
Compared to economic and environmental life cycle assessment
methods and software tools, social life cycle assessment needs
further development (Raoufi et al., 2019a). Social LCA focuses on the
broad-reaching positive and negative impact production of a
product can have on people, including impacts on wages, working
hours, workload, injuries, and local employment (Chen et al., 2015).
Social impact assessment methods have emerged that follow LCA
methodology, e.g., a Social LCA framework developed by the United
Nations Environment Program (Ciroth, 2012) and an impact
assessment handbook developed by the Roundtable for Product
Social Metrics (Goedkoop et al., 2018).

In addition to methods to assess economic and social aspects
individually, several researchers (e.g., (Dreyer et al, 2006;
Jorgensen et al., 2007; Parris and Kates, 2003; Wilhelm et al., 2015))
have developed methods applicable for combined economic and
social impact assessment. In the research presented herein,
methods for more comprehensive SEA were of interest. Thus, all
three pillars of sustainability were considered to query articles from
international conference and journal articles using the Web of
Science™ database (Clarivate Analytics, 2018). Relevant publica-
tions between January 1, 1987 and May 31, 2018 were gathered
using two sets of keywords as follows:

Keyword Set 1: (Life Cycle) AND (Design OR Decision Making)
AND Manufactur®* AND (Framework OR Method OR Methodology
OR Model) AND Econom™® AND Soci* AND Environment*;

Keyword Set 2: (Life Cycle) AND (Design OR Develop*) AND
Process AND (Software OR Tool) AND Econom* AND Soci* AND
Environment*

Each keyword set was used to search the Web of Science™
database, restricting the search to the Topic field, which includes
the document title, abstract, and author keywords. The first set of
keywords was used to find publications involving SEA methods,
while the second set targeted SEA software tools. Both databases
were then refined based on two categories provided by the Web of
Science™, i.e., engineering environmental and engineering
manufacturing, to focus on engineering-related research. The first
keyword set returned 62 documents. These were refined using the
Web of Science™ categories mentioned above. The 42 remaining
documents were investigated to confirm if they developed frame-
works, methodologies, or models to quantify economic, social, and
environmental aspects of sustainability. Of these documents, thir-
teen were found to be highly relevant. Abstracts for the thirteen
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documents contained terms associated with all three pillars of
sustainability; they were included in the results of the final search.
While some past work quantified all the three pillars of sustain-
ability, some research focused on only one or two aspect(s) of
sustainability. The detailed results are presented in the supple-
mentary material, Table A.

2.2. SEA software tools

Ness et al. (2007) developed a framework to classify SEA tools as
indicators and indices, product-related assessment, and integrated
assessment tools based on temporal characteristics, coverage areas,
and integration of nature-society systems. SEA software has been
mainly developed for conducting assessment of environmental
impacts using life cycle assessment (LCA). The market for software
packages to support LCA has grown over the past twenty years from
approaches for performing calculations based on spreadsheet
models or general mathematical modeling software, to full-
featured software systems such as GaBi, SimaPro, and Umberto
(Ciroth, 2012). Recently, researchers have developed LCA software
tools with specialized capabilities that focus on specific issues.
Some require costly commercial licenses, while others are freely
disseminated (e.g., GREET and openLCA). However, creating and
maintaining inventory databases to support free software can be
costly, limiting their utility for small businesses and educators.

To identify SEA software tools capable of considering all three
aspects of sustainability, the second set of keywords (Section 2.1)
was used to search the Web of Science™ database. The process of
refining the returned documents related to SEA software tools was
similar to the process used for SEA methods. For the second set of
keywords, 119 documents were initially returned, which were
reduced to 52 using the Web of Science™ categories. After evalu-
ation of each of these documents, it was found that thirteen articles
reported the development of software tools to conduct SEA anal-
ysis, while the remaining articles reported no software tool
development. Instead, they utilized the LCA framework for con-
ducting sustainability assessment. Some of the relevant articles
mentioned SEA analysis in their abstracts, while the software tool
developed concentrated on only one or two aspect(s) of sustain-
ability. The developed software tools to quantify all the three pillars
of sustainability. The results of the literature review are presented
in the supplementary material, Table B.

In addition to the engineering environment and engineering
manufacturing categories, which were first selected to refine the
results of the systematic search, the engineering chemical category
was utilized to target the software tools developed for evaluation of
other production processes. In total, 15 articles were found and,
among them, nine documents were considered highly relevant.
They developed software tools to quantify sustainability aspect(s)
for chemical production processes. In Table C, presented in the
supplementary material, the detailed results of the systematic
literature review are described.

2.3. Limitations of prior work

To identify the main barriers that restrict their effective use in
industrial companies, Rossi et al. (2016) reviewed eco-design
methods and software tools over the past twenty years. They
found that due to the large number of software tools developed for
conducting LCA, selecting the most appropriate tool is difficult.
Other studies also found it challenging to identify the most suitable
means to conduct sustainability assessment for a given situation
(Zijp et al., 2017) or to assess the environmental performance of a
company (Zhang et al., 2013). Lindahl and Ekermann (2013)
developed a structure to provide guidance to analysts by

categorizing a variety of eco-design methods and tools. They pre-
sented criteria such as time, difficulty, expected results, and consid-
ered life cycle stage for selecting, developing, or modifying eco-
design methods and tools. The methods and tools they identified
referred to any specific procedure with a specified desired outcome
that could be performed in a product development process in order to
support the work towards an environmental goal. Their research
focused on eco-design methods and tools, and did not consider
economic and social assessment methods, which would be neces-
sary for more comprehensive sustainability assessment.

This gap was also captured in the research reported by Buchert
et al. (2017), who conducted a systematic literature review to
identify eco-design methods and tools and, ultimately, developed
an IT-based assistance system entitled Design Decision Support As-
sistant (DDSA) to select eco-design methods and tools in the
product development process. To address the need of experts such
as scientists and consultants in selecting sustainability methods,
Zijp et al. (2015) developed a sustainability assessment identifica-
tion key by considering five domains, i.e., system boundaries/in-
ventory, impact assessment/theme selection, aggregation/
interpretation, method design, and organizational restrictions.
Each domain has specific criteria derived from literature for
selecting appropriate methods, however, as noted for the prior
studies, the approach focuses on the environmental aspect of sus-
tainability. Moreover, it is mainly developed for experts, which
makes it not suitable for non-expert users.

To address the needs of non-experts in selecting sustainability
methods, Vargas Hernandez et al. (2012) integrated design for
environment principles into the design process to develop an
expert system framework, called GREENESYS (GREen ENgineering
Expert SYStem). This framework enables non-expert engineers and
designers to select the appropriate environmental assessment
method and tool by answering few simple questions. Although
some researchers have focused on addressing the need to support
non-experts in selecting appropriate analysis methods and tools,
the developed methodologies remain deficient in assisting non-
experts in selecting the most relevant methods and software
tools considering all three aspects of sustainability. The method-
ology developed in the research herein to address these two issues
is presented in the following section.

3. Methodology

A questionnaire-based methodology for assisting SEA method
and software tool selection is developed herein that incorporates
the various features these methods and tools have to offer. A typical
SEA study for a product would begin with defining the goal and
scope of the analysis, followed by answering the questionnaire to
determine the most appropriate methods and tools to be used for
the evaluation of the product. Upon determining the relevant
methods and/or tools for evaluating each aspect of sustainability,
they would then be used to perform the individual analyses. The
major steps of the methodology from the user perspective are
illustrated in Fig. 1. The steps and proof-of-concept selection tool
are described in more detail below.

The first step of the methodology is to define the goal and scope
of the study, as noted above. The study goal and scope provide the
framework for the assessment and help identify the types of
assessment inputs that will be required, the types of outputs ex-
pected and how they will be reported, and how the assessment will
be conducted. The second step of the methodology is to complete
the questionnaire, which is intended to query the non-expert an-
alyst about the design and manufacturing information they have
available for the product under study. The questions are designed
based on the requirements, inputs, outputs, and features of the SEA



K. Raoufi et al. / Journal of Cleaner Production 229 (2019) 528—541 531

Define assessment goal and scope

Complete the questionnaire

Select the most relevant methods and softwaretools
Conduct the sustainable engineering analy sis

Analyzeresults and make recommendations

Fig. 1. Questionnaire-based methodology to assist sustainable engineering analysis
studies.

tools and to allow distinctions to be made between the different
approaches. The questions developed in the questionnaire and the
intents of each question are presented in Table 1. The purpose of the
questionnaire is to ask simple but targeted questions to guide the
users in selecting the most appropriate methods and software
tools.

A sample inventory of currently available SEA methods and
software tools is integrated into the questionnaire to provide a
proof-of-concept for demonstrating the developed methodology. In
creating this inventory, a key goal was to identify an assortment of
resources that could facilitate varying levels of detail, quality of
detail, and ease of access for a user to obtain (cost consideration).
The term fidelity, accompanied with the modifiers low and high, are
used to describe the level and quality of detail given. Low fidelity
SEA methods provide generalized results, with limited amounts of
data, while higher fidelity methods generally produce numerical
data linked to multiple categories. Both low- and high-fidelity
methods have the potential to provide a user with relevant infor-
mation; depending on a user's specific situation, certain methods
can be better utilized. Thus, low- and high-fidelity methods and
tools are included in the questionnaire to enable recommendations
to the user about SEA resources that can appropriately accommo-
date the data sets available. The list of economic and environmental
methods and software tools utilized in the questionnaire can be
found in Table 2. The questionnaire results also display a list of
social impact assessment approaches, which are not ranked since
none have been established as de facto analysis methods, as dis-
cussed below.

With a sample inventory of SEA resources collected, methods
and tools were mapped to questions in the questionnaire using an
interaction matrix. The sample inventory of currently available SEA
methods and software tools integrated into the questionnaire is
intended to demonstrate the methodology for providing non-
experts with similar tools for selecting the most relevant SEA

Table 1
Questions and their associated goals.

resources. The sample inventory was collected to provide the
questionnaire the ability to accommodate limited to large data sets
as well as licensed and open source software tools for product and/
or process analysis. Relevance weights, the values assigned to each
SEA method and tool, are used to account for differences between
low- and high-fidelity methods and software tools. High-fidelity
methods are assigned a relevance weight of two, while low fidel-
ity methods have a weight of one and non-relevant methods have a
weight of zero. These relevance weights are determined using the
authors’ existing knowledge of each of the selected SEA methods
and tools. The weights were assigned to each response utilizing a
trial and error process to fine-tune the weight associated with each
response. This process was repeated until the results reflected the
advice that a person familiar with SEA methods would likely sug-
gest to a non-expert. Since the relevance weights were assigned for
only the methods and tools used in the sample inventory, weights
would need to be adjusted as additional methods and tools are
populated into the selection tool interaction matrix.

The questionnaire developed has seven questions associated
with the three pillars of sustainability. The first question helps
determine what results need to be displayed to the user. For
example, if the user only selects the environmental aspect, then the
results screen will only show the applicable environmental
assessment methods and software tools. The second question
queries whether the user has access to licensed software. Since the
software tools often require costly licenses, this question weights
freely available tools higher than commercial software tools if the
user does not have access to licensed software. The third question is
intended to help judge the appropriateness of higher fidelity
analysis methods and tools. Higher fidelity methods provide more
informative analysis when detailed product and manufacturing
data is provided. Relevance weights are assigned to improve the
filtering of higher fidelity SEA methods and software tools under
circumstances when the user has limited knowledge of process-
related data, which would reduce their effectiveness. If the user
has detailed knowledge about the intended product life cycle, the
higher fidelity methods that require more data would be favored.

The fourth question is related to economic assessment. The re-
sponses for this question were chosen to reflect four types of
consumer products from an economic point of view (Claessens,
2017). A convenient product is a product that a customer would
purchase with little to no forethought. These products are generally
chosen based on impulse or brand recognition, such as when a
consumer always buys the same brand of soft drink. They are also
generally inexpensive. A shopping product is defined as a standard
consumer product in which the customer generally compares pri-
ces before making a purchase, such as when purchasing clothing or
small household appliances. The third response is a specialty
product. Consumers select these products in a manner similar to
those of the shopping product type, but specialty products could be

No. Question

Question intent

1 In what aspect(s) of sustainability are you most interested?
Do you have access to software at your company/institution?

3 How much process information (inputs/outputs) is available
for the different manufacturing processes?

4 What type of consumer product are you analyzing?

5 Is the product an existing or a new product?

6 Does the use phase of the product require more than

just electricity as an input?
7 Are there CAD model(s) available for this product?

Determine SEA aspect(s) of interest

Weight free methods and software tools higher than commercial tools if licenses are

not available to the analyst

Weight high fidelity methods and software tools higher when more detailed process
information is available

Determine level of economic responsibility

Weight high fidelity methods and software tools higher when more detailed product
information is available

Determine the complexity of the product's use phase

Determine availability of solid models to aid analysis using CAD-based software tools
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Table 2
Interaction matrix.
N Methods/Software Tools
x y GaBi SimaPro openLCA CES EduPack SolidWorks Eco-Indicator 99  Economic Life Cycle Cost-Benefit Break-Even
Eco Audit Tool Sustainability Input-Output LCA  Cost Analysis  Analysis Point
Questions 2 a 2 2 2 1 1 1
b
3 a 1 1 1
b 2 2 2 1 1 1
c 2 2 2
4 a 1 1
b 1 1 1
C 1 1 1
d 1
5 a 2 2 2 1
b 2 2 2 1 1 1
6 a 1
b 2 2 2 1 1
7 a 1 1 1 1 2 1
b 1 1 1 1 1

considered luxury items that are less-frequently purchased, such as
a car or high-end electronics. The final type is an unsought product.
These are products that the customer would rather not purchase,
but are required due to their circumstances. An example would be a
replacement for a broken window.

The fifth question helps determine whether a lower fidelity
analysis method or tool is required. There are several higher fidelity
tools, e.g., GaBi, SimaPro, and openLCA, that provide detailed in-
formation and can be used in the design of new products. It is
assumed that if the user selects an existing product, sufficient in-
formation will be available in the design phase to use higher fidelity
tools. The sixth question determines the complexity of the product
use phase. Through investigation of the listed SEA methods and
software tools, it was found that some available methods and tools
are not suited to evaluate the impact of consumables during the
product use phase, other than electricity. Thus, it is necessary to
distinguish those methods that can evaluate use phase complex-
ities. The seventh and final question is related to whether there are
CAD models of the product available to the user. The purpose of this
question to distinguish the appropriateness of CAD-dependent
software tools, such as SolidWorks Sustainability, which perform
calculations using the solid model of the intended product.

Based on the responses given by the user, the relevance weights
for one or more of the available SEA methods and software tools are
recorded by the questionnaire's selection algorithm, using the
interaction matrix (Table 2). The weights related to each method
are then summed, as shown in Eq. (1). Indices x and y are related to
Questions 2 to 7 and the options for the answers of each question,
respectively. Index k represents each of the environmental impact
and economic analysis methods and software tools, as reported in
the table.

My = {ZZ(N»J (1)
Xy

The values in the matrix indicate the relevance weights associ-
ated with each option for each question. As an example, the algo-
rithm will assign higher weights to GaBi (Thinkstep, 2013), SimaPro
(PRé Consultants, 2013), and openLCA (GreenDelta GmbH, 2013)
compared to CES EduPack Eco Audit Tool (Granta Design Ltd., 2017),
SolidWorks Sustainability (Dassault Systems, 2013), and Eco-
Indicator 99 (Goedkoop and Spriensma, 2001), if the user selects
Option b for Question 3. The potential methods and software tools
are ranked in descending order, with the highest sum indicating the

k

most relevant method. It is important to note that the user's
response to Question 1 is not considered in weighting, since it is
used solely for toggling the visibility of the different SEA aspects in
the results presented to the user.

In the third step of the methodology (Fig. 1), once the total
relevance weights for each method and software tool are calculated
based on the interaction matrix, the methods and software tools
presented to the user for each of the SEA aspects are ordered from
most to least relevant. Multiple methods and software tools are
provided to allow the user to select the most accessible and
appropriate methods and/or software tools for their study. Next to
each environmental software tool suggestion, a check box is pro-
vided, such that the user can check off any software tools to which
they do not have access. Upon checking a box, that software tool
will then disappear from the GUI display window. In the fourth
step, once the appropriate method and/or software tool is selected,
the analyst can then conduct the SEA. Based on the goal and scope
defined in the first step, the user would gather the necessary in-
formation for carrying out the assessment using the selected
methods and/or tools.

Social impact analysis approaches are not included in Table 2
since more investigation is needed into relevant method and soft-
ware tool development. However, to support the user in assessing
the social aspect, some alternative frameworks, databases, and
metrics are investigated in this research, and presented in the
questionnaire results. In the demonstration presented herein, two
metrics are adopted for quantifying social impacts as reported by
Alsaffar et al. (2016): nonfatal occupational injuries and illnesses
(NOII) and days away from work (DAW). These two metrics are
commonly understood and tracked by companies (Eastwood and
Haapala, 2015). Moreover, the values of NOIl and DAW help to
investigate the safety level in the work environment.

To quantify these two social metrics, data available from the
company or the U.S. Bureau of Labor Statistics (BLS) (2015) can be
utilized. To calculate nonfatal occupational injuries and illnesses for
manufacturing (NOIlysg), process cycle time (Tmfg) is multiplied by
the production volume (PV) and the rate of nonfatal occupational
injuries and illnesses (RNOIlyg) reported by the BLS for various
industries (U.S. Bureau of Labor Statistics, 2015). This value, as
represented in Eq. (2), is divided by 200,000 h, which is assumed as
the annual working hours for 100 equivalent full-time workers. To
calculate DAW (Eq. (3)), the percentage of injuries and illnesses that
result in days away from work must first be determined. The per-
centage is provided by dividing the rate of days away from work
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(RDAW) by the rate of nonfatal occupational injuries and illnesses
(RNOI) for the relevant industry segment from BLS data. This ratio
is then multiplied by NOIlyf to provide the total number of cases
resulting in days away from work. Finally, this quantity is multi-
plied by the median days away from work (MDAW), from BLS data,
to provide the total number of days away from work for each
manufacturing activity.

Te-PV

NOIlyn = RNOlLyg,. (ﬁw) )
RDAW g,

DAW, = (7RNOHmfg) NOIl g MDAW (3)

In addition to manufacturing, NOIl and DAW values (Egs. (4) and
(5)) must be determined for transportation activities. While process
cycle time was used in the calculation of NOIllyf, to determine
NOIl¢rans, transportation time is divided by the number of packaged
products that could be transported by the transportation mode to
allocate the total number of injuries and illnesses impacts on a per-
product basis. DAWaps is calculated in the same manner as
DAW pfg.

NO"trans = RNO"trans- W (4)
RDAW,
DAWirans = (‘e ) NOlrars MDAW o (5)

The final step of the methodology is to analyze the assessment
results. Based upon the goal and scope of the study, the decision
maker will need to identify the most impactful phases in the
product life cycle and make recommendations such as changing
raw material, making the product with other manufacturing pro-
cesses, and developing a new breakdown of EOL treatment sce-
narios to improve sustainability performance. In addition to the
product, the user will need to investigate and to compare the
performance for each of the selected analysis methods and soft-
ware tools to identify the best alternative. This analysis will provide
a better understanding about the relative performance of higher
and lower fidelity methods and software tools.

4. Case study

Although the target users of the selection tool are non-experts,
the pilot project was conducted by two graduate students in sus-
tainable engineering who were involved in the research. Thus, the
authors were able to test and improve the usability of the proof-of-
concept tool. To demonstrate the application of the methodology
and proof-of-concept, a pilot SEA project was conducted to evaluate
the sustainability performance of a hexacopter. Over the past few
years, multicopters and drones have received increasing attention
and market growth (Raoufi et al., 2017b). They have become
ubiquitous in the toy market, with products sold in a large variety of
configurations and sizes. Similar to other toys, multicopters can
break or wear out quickly, representing a sustainability concern.
The components of the hexacopter investigated in the study are
injection-molded polymer components, i.e., upper shell, lower
shell, propellers, propeller shields, and battery cover, as presented
in Fig. 2.

These components are assumed to be made of acrylonitrile
butadiene styrene (ABS). In the representative supply chain
network configuration, it is assumed that raw material (crude oil)

Propeller shield

Lower shell

Fig. 2. CAD model of the case study hexacopter.

extraction, material processing (conversion to ABS pellets), and
manufacturing processes (injection molding and assembly) occur
in Kansas City, Missouri. This location was found based on the
geographical midpoint, the average coordinate for a set of points on a
spherical earth (GeoMidpoint, 2018), for the top 30 U.S. cities
selected by population (U.S. Census Bureau, 2018), assumed to be
the target markets for the hexacopter. This research has two as-
sumptions: One manufacturing plant will be able to cover retailer
demands and all the retailers have the same demand.

Since electronic components will be purchased from outside
suppliers, the impact of their manufacture is expected to be inde-
pendent of other design modifications and not considered in this
study. Upon completion of manufacturing, the final product will be
transported to retailers using an over-the-road truck. The distance
between the manufacturing location and the retailers in each target
market was determined utilizing the distance calculator in Google
Maps (Google, 2017). Then, the average of these 30 values was
considered as the distance between the manufacturing location
and the retailers. The use phase considers electricity use for
charging the battery of the hexacopter. It was assumed that the
battery will be charged once a week for one year. The last phase in
the product life cycle is EOL, which considers three scenarios:
recycling, incineration, and landfill disposal.

4.1. Step 1: define assessment goal and scope

The goal of the study is to improve the sustainability perfor-
mance of a hexacopter by considering environmental, economic,
and social impacts. The scope of the study is a cradle-to-grave
analysis (Fig. 3). A single hexacopter was assumed as the func-
tional unit, quantified performance of a product system for use as a
reference unit (International Organization for Standardization [ISO],
2006), which includes a traditional use and disposal scenario. Based
on the goal and scope, supply chain information including raw
material, supplier, transportation modes and routes, manufacturing
process, use phase, and breakdown of EOL scenarios is required to
analyze the product from a cradle-to-grave life cycle perspective.

4.2. Step 2: complete the questionnaire

For Question 1, economic, social, and environmental aspects
were selected, since the objective for this analysis is to evaluate
more comprehensive sustainability performance. Questions 2—7
were then completed with respect to the available product design
and manufacturing information as presented in Fig. 4.

4.3. Step 3: select the most relevant methods and/or software tools

Upon completion of the questionnaire, methods and software
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Pro-duct = |Raw Material Extraction |—>| Material Processing |—>| M anufacturing |—P| Use |—>| End-of-Life
Design
| Disposal | | Recycling | | Remanufacturing | | Reuse |
+

Fig. 3. Cradle-to-grave product life cycle (adapted from (Raoufi et al., 2017a).

tools are presented to the user (Fig. 5). The methods provided in the
questionnaire results are instances of the available methods and
commercially software tools for each of the three different aspects
of SEA. Several environmental assessment tools are considered in
the proof-of-concept inventory as reported above. Life Cycle Cost
Analysis (LCCA), Cost-Benefit Analysis (CBA), and Break-Even Point
(BEA) are included to evaluate economic aspects. As noted above,
there are few established methods and software tools available for
assessing social impacts; however, a list of evaluation frameworks
is provided to help the user identify an appropriate social impact
analysis method.

4.4. Step 4: conduct sustainable engineering analysis

Once the questionnaire was completed for the hexacopter, the
most applicable methods and software tools were identified. Three
economic impact assessment methods, i.e., LCCA, CBA, and BEA
were identified by using the questionnaire. From these, LCCA was
deemed the most appropriate for evaluating the economic impact
of the hexacopter; CBA and BEA would be more appropriate for
comparative studies between multiple products. To perform LCCA,
cost data was collected from across the hexacopter's life cycle. The

volume of ABS material required for making one hexacopter
(47.2 cm®), which includes process yield, would cost $0.21 (Premier
Plastic Resins, 2017). Considering the average U.S. labor hourly
compensation reported by the BLS (U.S. Bureau of Labor Statistics,
2017a), the total labor cost for injection molding of the ABS com-
ponents for one hexacopter is $0.60. Using the average price of
electricity reported by the U.S. Energy Information Administration
(EIA) (U.S. Energy Information Administration, 2017), injection
molding electricity costs would amount to $0.02 per hexacopter.
Considering the usable capacity of a standard 40-ft shipping
container (2398 ft3) (Container Solutions, 2017) and the volume of
the hexacopter package (0.17 ft3), the average transportation cost to
deliver one packaged hexacopter from the manufacturing plant to
retailers is $0.021 (World Freight Rates, 2017).

To evaluate the use cost of the hexacopter, the purchase price
($70) of the copter (ROA Hobby, 2017) and the annual electricity
cost for charging the battery ($0.18) were determined. Electricity
prices are reported by the EIA (US. Energy Information
Administration, 2017). Finally, costs of different EOL scenarios
were investigated. The default scenario considered recycling,
incineration, and landfilling to account for 33%, 13%, and 54% of
disposed products, respectively, based on typical municipal solid

Sustainable Engineering Analysis Method Selection Resource

1. Whataspect(s) are you mostinterested in?

v Economic v | Social

v Environmental

2. Do you have access to software at your company/institution?

@ Yes No

3. How much process information (input/output)is available for the different manufacturing processes?

Only the name ofthe processes
Some information about theprocesses

© Most/all information about the processes

4. Whattype of consumer product you are analyzing?@%b product in which the customer generally

@ A convenient product
A shopping product
A specialty product
An unsought product
5.1s the product an existing or new product?

Existing © New

Convenient product: a product that a
customer would purchase with little to no
forethought.

Shopping product: a standard consumer

compares prices beforemaking a
purchase.

Specialty product: a product that could be
considered a luxury item that is less-
frequently purchased.

Unsought product: a product that the
customer would rather not purchase, but
is required due to their circumstances.

6. Does the use phase ofthe product require more than just electricity as an input?
(If the product does nothave a use phaseimpact, select “No”)

Yes @ No

7. Are there CAD model(s) available for this product?

© Yes No

Click for results

Fig. 4. A sample of completed questionnaire for hexacopter study based on user design and manufacturing information.
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Questionnaire Results

Economic Methods/Tools

Break-Even Analysis, Cost-Benefit
Analysis, Life Cycle Cost Analysis

Social Me thods/Tools

Frameworks such as GRI, 2009; ISO 26000,
2010; and UNEP-SETAC, 2010. Social

Environmental Methods/Tools

Please select which software tools
youdo not haveaccess to.

impact databases and handbooks such as, GaBi

Fontes et al. (2016), Social hotspots
database (SHD), and Fair Factories
Clearinghouse (FFC). Metrics such as
nonfatal occupational injuries and illnesses
(NOII) and days away from work (DAW).

SimaPro

Open LCA

SolidW orks Sustainability
CES EduPack
Eco-Indicator99

Fig. 5. Rank-ordered methods and software tools to conduct sustainable engineering analysis for hexacopter.

waste disposal practices reported by the U.S. Environmental
Protection Agency (EPA) (2016). Average EOL hourly labor cost
($20.56) was calculated by multiplying the percentages by their
associated labor cost (U.S. Bureau of Labor Statistics, 2017b). Since
labor time for disposal is not known, actual disposal costs per
product cannot be determined, though these are likely very low on
an individual product basis. However, relative changes in hourly
costs can be explored for different EOL scenarios. The economic
impact assessment results of the initial design are summarized in
Table 3.

The next analysis performed for the hexacopter looked at the
social impact of the product. The resulting NOIl and DAW values for
manufacturing and transportation activities on a functional unit
basis (one hexacopter charged once a week for a use duration of one
year) is presented in Table 4. Since the average transportation time
from the manufacturing plant to the retailers has a higher duration
compared to the manufacturing cycle time, transportation activities
have higher NOII and DAW values.

Another reason for this difference stems from the associated
RDAW for transportation and manufacturing. While RNOIly¢g and
RNOIl;aps are similar for each, RDAW g is less than RDAW¢aps,
which results in a similar number of injuries and illnesses, but
fewer days away from work in manufacturing. The social impact
analysis of the EOL scenarios need further research. In addition to
the lack of information about the time required for each operation,
there is uncertainty about the number of products disposed and
actual EOL treatment modes. Thus, rather than calculating NOII and
DAW metrics for the EOL scenarios, the changes in RNOII, RDAW,
and MDAW for each scenario are reported herein.

An environmental LCA was the final assessment conducted in
evaluating the sustainability performance of the hexacopter. From
the results of the questionnaire, it was found that GaBi, SimaPro,

design and manufacturing information was available. Based on its
availability to the authors for this work, SimaPro was selected as the
LCA tool to be used. SimaPro includes various environmental
impact assessment methods, such as ReCiPe 2008, Impact 2002+,
and IPCC 2013 GWP, which empower non-experts to conduct a
range of analyses. We selected the TRACI 2.1 environmental impact
assessment method, which is a multi-indicator method that utilizes
ten metrics, i.e., ozone depletion, global warming, smog, acidifica-
tion, eutrophication, carcinogenics, non-carcinogenics, respiratory
effects, ecotoxicity, and fossil fuel depletion. The characterized
impacts for each TRACI impact category are presented in Table 5. It
can be seen that recycling at the EOL phase has negative impact
values (an environmental benefit), which means promoting recy-
cling would assist in reducing life cycle environmental impacts.

The environmental impact assessment results based on the
normalization factors provided by Ryberg et al. (2014) are reported
in Fig. 6. Normalized impact categories provide the opportunity for
the analyst to better understand the relative contribution of each
impact category. Raw material production, use, and incineration
have the highest environmental impacts of all the life cycle phases.
They are responsible for 33%, 11%, and 38% of the total environ-
mental impacts, respectively. The other phases account for only 18%
of total environmental impact. Carcinogenics (mainly due to raw
material production) and ecotoxicity (mainly due to incineration)
are shown to be the highest contributors to the environmental
impact of the hexacopter, accounting for 49% and 33% of the total
environmental impacts, respectively. The negative values in the
figure indicate the sequestration of each impact category by end-of-
life scenarios.

To compare results of a high-fidelity software tool (SimaPro)
with a lower fidelity tool, SolidWorks Sustainability was identified.
The CAD model of the hexacopter was imported into the software

and openLCA were the most applicable tools (high fidelity) since to conduct an environmental impact analysis. SolidWorks
Table 3
Economic impact assessment (LCCA) results for the initial design of the hexacopter.
Category
Raw material Transportation Manufacturing Use End-of-life Total
Cost $0.21 $0.021 $0.62 $0.18 $20.56 $21.59
Table 4

Social impact analysis for manufacturing and transportation activities of the initial design (*U.S. BLS (2015) data).

Activity Rate of nonfatal occupational Rate of days away Median days away Nonfatal occupational Days away from work (DAW)
injuries and illnesses (RNOII)* from work (RDAW)* from work (MDAW)* injuries and illnesses (NOII)

Manufacturing 4.6 2.7 10 3.83E-02 2.25E-01

Transportation 4.5 3.2 20 7.22E-02 1.03E+00

Landfill 35 2.3 9 - -

Incineration 2.0 1.1 9 - -

Recycling 5.1 34 9
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Table 5
Characterized environmental impact assessment results for the initial hexacopter design (SimaPro).
Category Unit Matl. Mfg. Trans. Use Recycling Incineration Landfill
Ozone depletion kg CFC-11 eq. 7.7E-10 5.0E-08 3.7E-09 1.8E-11 —3.6E-10 —9.6E-10 1.5E-10
Global warming kg CO-, eq. 3.0E-01 9.6E-02 1.4E-02 1.0E+00 —4.1E-02 2.5E-02 3.3E-03
Smog kg O3 eq. 1.0E-02 5.4E-03 2.4E-03 6.6E-02 —1.7E-03 —3.1E-04 7.7E-05
Acidification kg SO, eq. 8.9E-04 5.9E-04 9.2E-05 8.7E-03 —1.1E-04 —3.0E-05 3.7E-06
Eutrophication kg N eq. 2.3E-04 3.9E-04 2.7E-05 1.2E-04 —1.7E-04 —1.4E-05 4.9E-04
Carcinogenics CTUh 1.5E-08 3.5E-09 4.0E-10 1.3E-09 —1.5E-09 4.4E-10 1.5E-10
Non-carcinogenics CTUh 1.4E-08 1.5E-08 4.3E-09 2.7E-08 —3.6E-09 1.7E-08 2.8E-08
Respiratory effects kg PM2.5 eq. 8.9E-05 9.8E-05 1.2E-05 4.3E-04 —2.4E-06 —6.8E-06 4.9E-07
Ecotoxicity CTUe 9.1E-01 5.2E-01 1.3E-01 2.7E-01 —1.6E-01 9.6E4+00 1.7E+00
Fossil fuel depletion M] surplus 9.1E-01 1.1E-01 3.3E-02 5.1E-01 —2.3E-01 —8.4E-04 1.4E-03
| 4E-03 Impact Category
o 1) Ozone Depletion O Raw material

z 2) Global Warming production

§ L 1E-03 3) Smog & Manufacturing

oo 4) Acidification

5 ..

& >) Eutr(_)phlcat}on B Transportation

L 6) Carcinogenics E

?5./ 8.0E-04 7) Non carcinogenics hases)

< 8) Respiratory Effects k] W Use

i%: 9) Ecotoxicity

2 5.0E-04 10) Fossil Fuel Depletion @ Recycling

‘T; TRACI 2.1 Method

g O Incineration

g 2.0E-04

Esasen ks .
= E wm W - = || M= Dlandfil
= ___| L L] — = === - =
-1.0E-04
1 2 3 4 5 6 7 8 9 10

Fig. 6. Normalized environmental impact assessment results for the initial hexacopter design (SimaPro).

Sustainability provides four environmental metrics: energy con-
sumption (M]), carbon footprint (kg CO, eq.), air acidification (kg
SO, eq.), and water eutrophication (kg PO4 eq.).

The results are presented in Table 6 and show that the raw
material extraction phase has the largest energy consumption and
associated carbon footprint among all the other phases of the
product life cycle. Moreover, it has the largest water eutrophication.
The use phase has the largest air acidification impact among the
other phases. The EOL phase in SolidWorks Sustainability has only
three scenarios, i.e., recycling, incineration, and landfill. Compared
to SimaPro, which provides detailed information about environ-
mental impacts of each EOL scenario, SolidWorks Sustainability
provides composite EOL results. The difference between these two
LCA software tools supports how methods with different fidelity
are sorted in the questionnaire based on the weighting of questions.

4.5. Step 5: analyze assessment results and make recommendations

Upon completion of the SEA, the assessment results will be
evaluated to help achieve the goal of the study, which, in this case,
is to improve the sustainability performance of a hexacopter. Thus,

based on the foregoing analysis, three recommendations are made:
(1) change the transportation mode, (2) reduce material use, and
(3) take back hexacopters at their end of life. To satisfy the first
recommendation, the transportation mode to deliver the raw ma-
terial from the supplier to the manufacturer was changed from road
to rail. Utilizing a one rail car, 147,000 hexacopters can be trans-
ported, while a 40-ft truck can transport 14,000 boxes, reducing the
unit cost significantly.

The second recommendation is to reduce the use of material,
which can be achieved by reducing part mass (e.g., a 20% reduc-
tion). Using less material helps to reduce costs across the life cycle.
Based on the new design, the total cost of material required for
making the hexacopter would be $0.17. The transportation cost will
not change since it is dependent on the transportation capacity
(mass of packaging and pallets), not the mass of each product. It
should be noted that the second recommendation investigates the
impacts of less material use, not changes in transportation mode.
Thus, to investigate the impacts of using less material on sustain-
ability performance of the initial design, the truck transportation
mode is used in the second recommendation, as used in the initial
product design scenario. Using less material would improve

Table 6

Environmental impact assessment results for the initial design of the hexacopter (SolidWorks Sustainability).
Category Unit Matl. Mfg. Use Trans. End-of-Life
Energy Consumption M] 5.6E+00 1.4E+00 2.3E+00 1.9E-01 2.6E-02
Carbon Footprint kg CO, eq. 2.4E-01 9.4E-02 1.6E-01 1.3E-02 3.5E-02
Air Acidification kg SO eq. 8.1E-04 6.3E-04 1.1E-03 5.8E-05 1.8E-05
Water Eutrophication kg PO, eq. 1.0E-04 2.3E-05 4.0E-05 1.3E-05 4.4E-05
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manufacturing cost by decreasing the cycle time, which requires
less electricity during the manufacturing process and less labor.
Finally, EOL impacts would be reduced since 20% less material
would be processed in the EOL phase.

Evaluating the third recommendation, product takeback,
involved developing a revised EOL treatment scenario. In the
revised scenario, it was assumed that recycling and incineration
increased proportionally to 40% and 16%, respectively, by
decreasing the landfilled fraction to 44%. This revised breakdown
provides an opportunity to reclaim more material through recy-
cling as well as reclaiming more embedded energy through incin-
eration. The economic impact assessment results of each
recommendation, as well as the impact of implementing all of the
recommendations together are presented in Table 7. Shading in
Table 7 indicates the phases impacted by each recommendation.

Next, social impact assessment was conducted for the rede-
signed hexacopter. RNOlIlyans and RDAWjraps vary with trans-
portation mode and play key role in reducing NOII and DAW values.
Thus, to deliver final products from the manufacturing location to
the retail locations, the transportation mode is changed from road
to rail in the first recommendation, since rail shipping has lower
rates of injuries, illnesses, and lost work days compared to the road
transportation mode (U.S. Bureau of Labor Statistics, 2015). The
results of the change of transportation activity are presented in
Table 8. Moreover, in the second recommendation, reducing the
mass of material in a hexacopter, resulted in reduced NOII and
DAW. These social impacts were reduced by 99% and 20% by using
rail shipping and reducing material use, respectively.

The total amount of municipal solid waste (MSW) in the U.S. in
2014 was 234 million metric tons (US EPA, 2015). Considering the
production volume as 100,000 hexacopters per year, the total mass
of EOL hexacopters collected is assumed to be 5,000 kg, annually. It
is assumed that they reach their EOL at a steady rate, which is
miniscule in comparison to typical waste disposal rates. Due to the
lack of information about the EOL options, NOII and DAW are
calculated parametrically based on the duration of each EOL pro-
cessing route (Egs. (6) and (7)). Changes in NOII and DAW values are
reported in Table 8.

Table 7

5x 103 Ts
ot = BR:.(33 1gs) RN 350500) (©
RDAW;
DAW; = (W) .NOII;. MDAW (7)

In Eq. (6), NOII; presents the number of injuries and illnesses for
each EOL scenario and s is the index for each scenario, i.e., inc:
incineration, dis: disposal, and rec: recycling. BR; is the breakdown
of EOL treatment options, which in the initial design are 11%, 54%,
and 35% for incineration, disposal, and recycling, respectively. Ts is
the duration of each scenario, which is considered as parameter in
the calculations. DAWs, presented in Eq. (7), is the number of days
away from work for each scenario. RNOIls;, RDAW;, and MDAW; are
presented above, in Table 4. Based on the scenarios presented in the
third recommendation, the associated social impacts of the recy-
cling and incineration scenarios would increase by 21% and 23%,
respectively, while the social impacts of the landfilling scenario
would decrease by 19%. Simultaneous consideration of all recom-
mendations is presented in the last column of Table 8.

Finally, an environmental impact analysis was conducted to
evaluate the sustainability performance of the redesigned hexa-
copter. The characterized environmental impacts when considering
all three recommendations simultaneously using TRACI 2.1 in
SimaPro are presented in Table 9. Similar to the environmental
impact assessment provided in the fourth step of the methodology,
the results of the new assessment are also normalized. The effect of
all three recommendations on environmental impacts are reported
in Fig. 7.

In addition to considering all the three recommendations
simultaneously, the effect of each recommendation on the envi-
ronmental performance is investigated. The results are presented in
Table 10 and the numbers provide the total value of each impact
category considering all phases of the product life cycle. Shading in
Table 10 indicates the phases impacted by each recommendation.

The LCA software used in the fourth step of the methodology
was SolidWorks Sustainability. The environmental impact

Economic impact assessment results for each recommendation of the redesigned hexacopter.

Category Initial Recommendation 1 Recommendation 2 Recommendation 3 Recommendations
Design  (Transportation mode) (Material use) (End-of-life) 1,2,and 3

Raw material $0.21 $0.21 $0.17 $0.21 $0.17
Transportation $0.021 $0.003 $0.021 $0.021 $0.002
Manufacturing $0.62 $0.62 $0.5 $0.62 $0.5

Use $0.18 $0.18 $0.18 $0.18 $0.18
End-of-life $20.56 $20.56 $16.45 $20.49 $16.39
Total $21.59 $21.57 $17.32 $21.52 $17.24

Table 8

Social impact assessment results of each recommendation for the redesigned hexacopter.

Impact Initial Design Recommendation 1 (Transportation mode) Recommendation 2 (Material use) Recommendation 3 (End-of-life) Recommendations 1, 2, and 3
NOIlpngg  3.83E-02 — 3.07E-02 - 3.07E-07
DAWpeg  2.25E-01 - 1.80E-01 - 1.80E-06
NOIltrans  7.22E-02 2.43E-04 — - 0.04E-07
DAW¢ans 1.03E+00 3.65E-03 — - 0.07E-06

NOIljpe
DAWic
NOIlgis
DAW,;s
NOIlec
DAW,ec

2.78E-14*tjnc — -
1.38E-13"tine — -
2.02E-13*tgis — -
1.19E-12%tgis — -
1.80E-13"trec — -
1.08E-12%trec — -

3.42E-14*t;nc
1.69E-13"tinc
1.65E-13"tais
9.73E-13*tg;s
2.18E-13"t;ec
1.31E-12"trec

3.42E-14"tinc
1.69E-13"tinc
1.65E-13%tg;s
9.73E-13"tgis
2.18E-13"trec
1.31E-12%trec
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Table 9
Characterized environmental impact assessment results for the redesigned hexacopter (SimaPro).
Category Unit Matl. Mfg. Trans. Use Recycling Incineration Landfill
Ozone depletion kg CFC-11 eq. 5.5E-10 3.6E-08 8.8E-10 1.3E-11 —3.1E-10 —8.4E-10 8.6E-11
Global warming kg CO eq. 2.1E-01 6.9E-02 1.7E-02 7.1E-01 —3.6E-02 2.2E-02 1.9E-03
Smog kg O3 eq. 7.5E-03 3.9E-03 3.8E-03 4.7E-02 —1.4E-03 —2.8E-04 4.5E-05
Acidification kg SO, eq. 6.4E-04 4.2E-04 1.1E-04 6.2E-03 —9.5E-05 —2.7E-05 2.1E-06
Eutrophication kg N eq. 1.7E-04 2.8E-04 2.3E-05 8.7E-05 —1.5E-04 —1.2E-05 2.9E-04
Carcinogenics CTUh 1.1E-08 2.5E-09 3.2E-10 9.1E-10 —1.3E-09 3.8E-10 8.9E-11
Non-carcinogenics CTUh 1.0E-08 1.1E-08 7.0E-10 1.9E-08 —3.1E-09 1.5E-08 1.6E-08
Respiratory effects kg PM2.5 eq. 6.4E-05 7.0E-05 1.5E-05 3.1E-04 —2.1E-06 —5.9E-06 2.8E-07
Ecotoxicity CTUe 6.5E-01 3.7E-01 2.0E-02 1.9E-01 —1.4E-01 8.5E+00 9.8E-01
Fossil fuel depletion M] surplus 6.5E-01 7.6E-02 7.6E-03 3.6E-01 —2.0E-01 —7.4E-04 8.2E-04
Impact Category
1.1E-03 1) Ozone Depletion O Raw material
7 2) Global Warming production
§ 3) Smog & Manufacturing
g 4) Acidification
S 8.0E-04 5) Eutrophication
& b . B Transportation
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Fig. 7. Normalized environmental impact assessment results for the redesigned hexacopter (SimaPro).

assessment results from this lower fidelity tool are presented in
Table 11 when considering all the three recommendations simul-
taneously. Compared to the results for the initial design (Table 6),
impacts in all categories are improved for each phase of the product
life cycle.

In Table 12, the relative change in selected environmental im-
pacts compared to those for the initial design are reported for each
recommendation and for a case that would implement all three
recommendations.

5. Discussion of results

Evaluation of the SEA results for the hexacopter case study
found that the life cycle costs would reduce by 0.1% by changing the

Table 10

transportation mode for the final product from road to rail
(Recommendation 1); by 19.7% when reducing material use
(Recommendation 2); and by 0.3% in changing the EOL strategy
(Recommendation 3). By implementing all three recommendations
at the same time, life cycle costs would be reduced by 20%. Evalu-
ation of the hexacopter redesign scenarios for social impacts indi-
cated a reduction in illnesses/injuries and days away from work of
20% by changing the transportation mode and 99% by reducing
material use. By implementing product takeback at EOL (reducing
landfilling), social impacts of landfilling would reduce by 19%, while
social impacts would increase by 21% and 23%, respectively, for
recycling and incineration activities. With regard to the environ-
mental impact assessment, using the “high-fidelity” software tool
(SimaPro) it was found that changing the transportation mode from

Characterized environmental assessment results of each recommendation for the redesigned hexacopter (SimaPro).

Impact Initial Recommendation 1 Recommendation 2 Recommendation 3 Recommendations
(units in Table 9) Design  (Transportation mode) (Material use) (End-of-life) 1,2,and 3
Ozone depletion 5.4E-08 5.1E-08 3.8E-08 5.3E-08 3.6E-08
Global warming 1.4E+00 1.4E+00 1.0E+00 1.4E+00 1.0E+00
Smog 8.2E-02 8.5E-02 5.9E-02 8.2E-02 6.1E-02
Acidification 1.0E-02 1.0E-02 7.2E-03 1.0E-02 7.3E-03
Eutrophication 1.1E-03 1.1E-03 7.7E-04 9.5E-04 6.8E-04
Carcinogenics 2.0E-08 2.0E-08 1.4E-08 1.9E-08 1.4E-08
Non carcinogenics 1.0E-07 9.9E-08 7.3E-08 1.0E-07 6.9E-08
Respiratory effects 6.2E-04 6.3E-04 4.4E-04 6.2E-04 4.5E-04
Ecotoxicity 1.3E+01 1.3E+01 9.3E+00 1.5E+01 1.1E+01
Fossil fuel depletion  1.3E+00 1.3E+00 9.5E-01 1.3E+00 9.0E-01
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Table 11

Environmental assessment results for the redesigned hexacopter (SolidWorks Sustainability).
Category Unit Matl. Mfg. Use Trans. End-of-Life
Energy Consumption M] 3.6E+00 8.8E-01 2.3E+00 1.1E-01 1.6E-02
Carbon Footprint kg CO, eq. 1.6E-01 6.0E-02 1.6E-01 7.8E-03 2.1E-02
Air Acidification kg SO; eq. 5.2E-04 4.1E-04 1.1E-03 4.1E-05 1.2E-05
Water Eutrophication kg PO, eq. 6.4E-05 1.5E-05 4.0E-05 6.4E-06 2.3E-05

Table 12

Changes in selected impacts for hexacopter redesigns under different recommendations (SolidWorks Sustainability).

Impact Initial Design Recommendation 1 Recommendation 2 Recommendation 3 Recommendations 1, 2, and 3
(Transportation) (Material use) (End-of-life)

Energy Consumption, MJ 9.50E+00 —1.4E-02 —2.6E+00 —2.0E-03 —2.6E+00

Carbon Footprint, kg CO, eq. 5.42E-01 —1.0E-03 —1.4E-01 —2.0E-03 —1.4E-01

Air Acidification, kg SO, eq. 2.60E-03 +6.0E-06 —5.4E-04 no change —5.3E-04

Water Eutrophication, kg PO, eq. 2.20E-04 —3.0E-06 —6.5E-05 —8.0E-06 —7.2E-05

road to rail would reduce ozone depletion and non-carcinogenics,
but increase smog and respiratory effects (other impacts are pre-
dicted to remain unchanged). As expected, reducing material use
would reduce environmental impacts in all categories. Moreover, in
the revised EOL strategy, ozone depletion, eutrophication, and
carcinogenics impacts are predicted to decrease relative to the
initial EOL breakdown. Lastly, simultaneous consideration of all
three recommendations demonstrated a reduction of environ-
mental impacts in all categories. Using the “low-fidelity” software
tool (SolidWorks Sustainability), it was found that the first and the
third recommendations would not lead to significantly improved
environmental performance compared to the initial design. How-
ever, the second recommendation is predicted to have better
environmental performance than the initial scenario. The next
section summarizes the findings and discusses several potential
future research directions.

6. Conclusions

The objective of this research is to enable non-experts to iden-
tify the most appropriate methods and software tools prior to
conducting SEA. At its core, our methodology relies on an interac-
tion matrix to classify and rank an inventory of available SEA
methods and software tools based on their relevance to available
design data. The proof-of-concept questionnaire and supporting
interaction matrix, as well as a graphical user interface (GUI), were
implemented using MATLAB to demonstrate the methodology. A
hexacopter design case study was presented using low- and high-
fidelity LCA tools, along with low-fidelity economic and social
assessment methods. This approach allowed us to compare the
sustainability performance (e.g., economic and environmental
metric types and values) of the initial hexacopter design and four
design alternatives. In our demonstration, the relevance weights
used to determine the appropriate SEA methods and software tools
were assigned based on existing knowledge of the selected
methods and tools. Upon conducting the SEA study for the hexa-
copter using available life cycle data, it was found that the assigned
relevance weights enable non-expert users to differentiate be-
tween the available low- and high-fidelity methods and software
tools.

Improving the sustainability performance of consumer goods
during their manufacture, use, and end of life has been an
increasing concern in industry. SEA approaches have been
commonly used to evaluate the life cycle environmental, economic,
and social impacts of products in an ad hoc manner. A number of
analysis methods and software tools have been developed for

individual analysis of each of the three aspects of sustainability.
Prior to analyzing the sustainability performance for a product, the
most appropriate method and software tool should be determined
for evaluating each SEA aspect. However, due to the large number
of software tools developed for conducting SEA, this selection
process can be confusing and time-consuming for designers,
especially to non-experts in sustainable engineering (Rossi et al.,
2016; Zhang et al., 2013; Zijp et al, 2017). In this regard, two
challenges were identified in the existing approaches, as reported
in Section 2. First, selection approaches mainly focus on eco-design
methods and tools (Buchert et al., 2017; Lindahl and Ekermann,
2013; Zijp et al., 2015). Second, few approaches have been devel-
oped to address the needs of non-experts in selecting the most
appropriate SEA methods and tools; reported approaches focus on
selection of tools for assessing environmental performance (Vargas
Hernandez et al., 2012). The questionnaire-based methodology
developed herein allows non-expert designers in both academia
and industry to more quickly identify the most appropriate SEA
methods and software tools available to them for evaluating their
product design, avoiding non-value-added effort. Designers are
presented a list of methods and tools that are ordered from most to
least relevant to assist SEA analysis during product design.

To build upon the research presented in the foregoing, the
following future directions have been identified. First, the relevance
weights applied in the interaction matrix will need to be updated
based on the judgement of a diverse group of SEA experts (e.g.,
using a Delphi study). Second, methods and software tools should
be developed and incorporated into the questionnaire and the
supporting interaction matrix for assessing broader social impacts.
This includes incorporating indicators such as worker satisfaction,
use of local employment, and impact on worker long-term health.
Currently, due to the dearth of methods and software tools, the
interaction matrix provides only a few options. To further develop
the tool, new SEA methods and software tools need to be added to
the inventory. In addition, we were able to adopt only two in-
dicators for social impact assessment, necessitating the develop-
ment and implementation of new social impact indicators,
methods, and tools. It should be noted that the research herein
developed the underpinning questionnaire specifically to assess
consumer products. The tool could be extended to consider other
product types. These modifications would improve the utility of
related software applications that may be developed based on the
outcomes of the research presented herein, and would better serve
various user communities (e.g., students, novice designers, or small
manufacturing enterprises).
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Nomenclature

BRs Breakdown of the end-of-life treatment scenarios

DAWn¢; Days away from work for manufacturing

DAW;, Days away from work for the end-of-life treatment
scenarios

DAWans Days away from work for transportation

MDAW ¢z Median days away from work for manufacturing

MDAW; Median days away from work for the end-of-life
treatment scenarios

MDAW¢;ans Median days away from work for transportation

Ntrans Number of parts that can be transported by each vehicle

NOIly;g  Nonfatal occupational injuries and illnesses for
manufacturing

NOII Nonfatal occupational injuries and illnesses for the end-
of-life treatment scenarios

NOIllans  Nonfatal occupational injuries and illnesses for
transportation

PV Production volume

RDAWs; Rate of days away from work for manufacturing

RDAW;  Rate of days away from work for the end-of-life
treatment scenarios

RDAW¢;ans Rate of days away from work for transportation

RNOIlu¢; Rate of nonfatal occupational injuries and illnesses for
manufacturing

RNOII Rate of nonfatal occupational injuries and illnesses for
the end-of-life treatment scenarios

RNOIl;a, Rate of nonfatal occupational injuries and illnesses for
transportation

Tinfg Manufacturing process time

Ts Duration of end-of-life treatment scenarios

Ttrans Transportation time
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