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Manufacturing organizations continuously improve their energy, environmental, and
economic performance at different manufacturing levels (products, processes,
enterprise, etc.) using various assessment methodologies for Vvisibility and a
competitive market edge. Sustainability assessment has become the focus of the
manufacturing performance measurement in the last decade and has triggered
numerous methodological developments and adoption in practice. The assessment
focus has broadened from process to enterprise-level, single to multiple parameters,
fragmented to a holistic point of view, and local businesses to global sustainability
and circularity. Increasing global environmental burden, resource scarcity, and
human health challenges urge a shift toward effective assessment practices. This
article critically reviews sustainability assessment practices in manufacturing from
a methodological efficiency-effectiveness perspective. A clear distinction between
efficiency and effectiveness practices has been discussed. The requirements and
research challenges for effectiveness in the sustainability assessment practice in theory
(academia) and practice (industry) is presented.

Keywords: effectiveness & efficiency (E&E), sustainability assessment (SA), circularity, manufacturing, design
decisions, systems approach

INTRODUCTION

Sustainability is a crucial global concern underlying all aspects of human activities today,
broadly dealing with the system’s ability in its entity (earth) to support and sustain a
healthy life (Mani et al., 2005). Tracing modern civilization’s history alongside environmental
vitality, industrialization bolstered consumerism (economic growth) have seeded the gruesome
manifestations of unsustainability we are witnessing today, e.g., ocean plastics, biodiversity loss,
soil infertility, greenhouse gas (GHG) emissions, forever chemicals, and pandemics. While native
cultures always emphasized caution for centuries against rapid modernization (Mani et al.,
2005), modern researchers (US Government Printing Office, 1980; Carson et al., 2002) had also
forewarned of imminent unsustainable consequences based on trends prevalent nearly half a
century back. Among the foremost to postulate a sustainable development model was the Gandhian
Economist J.C. Kumarappa way back in the 1940s. He discussed an approach to development
that does no irreparable damage to the environment (Kumarappa, 1946). Despite early caution on
unsustainable consequences, the world finally heeded to the need for sustainable development at the
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World Commission on Environment and Development in 1984,
accepting Brundtland’s definition of sustainable development.
Brundtland’s report “Our Common Future” finds one of the
earliest associations of the term “sustainability” with “industry”
and thus manufacturing (Brundtland, 1987). The sustainability
perspective was originally efficiency-based which led to economic
benefits to industries. Later, the perspective changed to product
performance-based, which dealt with operational environmental
concerns. The increase in population, consumerism, and
enhancing lifestyles has resulted in unprecedented resource
consumption, driving manufacturing-dominated growth
globally. The transdisciplinary domain of sustainability science
can be characterized by dynamic interactions between society
(including economy) and nature and fundamentally requires a
systems perspective (Mani et al., 2005; Sala et al., 2013a; Kumar
and Mani, 2019). Sustainability and manufacturing are diverse
yet intricately connected areas of research.

Manufacturing is a critical sub-component of a larger
product life cycle involving design, material extraction,
production, assembly, transport, use (service/maintenance),
and post-use phases (recycling and disposal). It is economically
defined as the process of transforming materials into usable
products using one or more manufacturing processes, finishing,
and assembly operations. Manufacturing can be viewed as
operating at different levels from a production layout point
of view viz. unit manufacturing process/single machine,
work cell/manufacturing line/multi-machine, facility/factory,
and multi factory/production network (Radnor and Barnes,
2007; Cao and Folan, 2012). The term “manufacturing” is
generally used interchangeably but is conceptually different from
“production,” which is limited to production planning, material
processing, and quality assurance. Manufacturing has a broader
scope covering all functions or activities starting from product
ideation and its disposal along the value chain (Herausgeber,
2004). It consists of humans, production machines and systems,
control and automation systems, storage and material handling
systems, supply chain networks, and global business operations
with various technical and planning characteristics (Esmaeilian
et al., 2016), networked over diverse geographies (Chandran
et al., 2016). Figure 1 presents an overview of different levels
of manufacturing, associated entities, decision-makers, and
factors affecting its operation. Manufacturing generally involves
a globally distributed network that utilizes local and global
(material and energy) resources to produce products used and
disposed of in different geographical locations (Duflou et al.,
2012; Chakrabati, 2015). It is one of the most resource-intensive
(e.g., material, energy, and water) sectors with economies of
scale, lower labor costs, and higher employment potential.
Organizations understand that sustainability is critical to
modern manufacturing, as it provides a market competitive edge
and visibility. It has led to the evolution of various paradigms
such as lean manufacturing, cleaner production, sustainable

Abbreviations: GHG, Greenhouse Gas; LCA, Life Cycle Assessment; LCSA,
Life Cycle Sustainability Assessment; SA, Sustainability Assessment; SM,
Sustainable Manufacturing.

manufacturing (SM), industrial sustainability, sustainable
production, industrial ecology, and circular economy.

Developing economies perceive manufacturing as a source
of growth as it boosts employment opportunities and economic
growth, although it comes with an environmental cost. It
causes various regional and global impacts (embodied and
active) on the natural environment and human health by
emitting various pollutants to air, water, and soil. Globally,
the industry sector was the second largest contributor (24%;
14 GtCOzeq) to the direct GHG emissions in 2018, primarily
driven by the manufacturing of pulp and paper, food and
tobacco, glass and ceramics, refrigerants, solvents etc. (Lamb
et al., 2021). Manufacturing is the third-largest contributor to
the CO, emissions in the United States after transportation
and electricity production (US EPA, 2021). Recent trends (from
2001 to 2010) show a strong correlation between the world’s
energy consumption, emissions, material requirements, and GDP
(Gutowski et al., 2013). A historic shift of manufacturing location
toward developing nations like China and India can be observed
in the late 20th century (Gutowski et al, 2013), primarily
due to cheap labor, conducive (not so stringent) regulations,
and vast sales market. In 2018, the Chinese manufacturing
sector contributed 28.4% of the global manufacturing output
(Ritcher, 2020). In 2015, manufacturing (excluding agriculture,
mining, and construction) accounted for 23% of total energy
consumption for the International Energy Agency member
countries, which is the second highest among all the sectors,
followed by transportation (36%) (International Energy Agency,
2017). Indian manufacturing sectors accounted for 44% of
total electricity consumption in 2015 (NITI Aayog, 2017). The
manufacturing output shows a high correlation with the CO,
emissions (Gutowski et al,, 2013), e.g., increased air and water
pollution in China (Vennemo et al, 2009). A study on soil
contamination in Europe found that industrial and commercial
activities are the second highest contributor (~33.3%) to
soil contamination; metal industries are reported to be the
most frequent source (Panagos et al., 2013). Sites surrounding
Chinese steel industries have been identified as heavy metals
contamination hotspots compared to non-industrialized sites
(Qing et al, 2015). Industrial activities cause environmental
burdens and adverse effects on the health of local communities
(WHO, 2009; Mudu et al.,, 2014). The detrimental impacts of
environmental pollution on human health are well documented
(Revel et al., 2018; Gupta et al., 2019; Nobile et al., 2020).
Global environmental assessment reports have reiterated the
requirement for an urgent focus on planetary wellness (UN
Environment, 2019; Singh et al., 2021).

Besides, various kinds of impacts on social groups (consumers,
workers, and society) have been recorded in history (Sutherland
et al,, 2016), e.g., cases of work stress leading to several suicides
among Chinese workers (Ngai and Chan, 2012). Apart from
negative impacts directly associated with the manufacturing
activities and the supply chain, numerous indirect impacts are
associated with the product life cycle stages on the endless
spatial and temporal scales traceable to design and manufacturing
decisions. BPA used in the production of various consumer
products (Vandenberg et al., 2007) is found in plastic consumer
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products (use and post-use phase), e.g., in the food storage
cans, baby bottles, individuals in developed nations, aquatic
animals, and the environment. Further, chronic exposure risks
of aluminum leading to Alzheimer’s disease are well-documented
(Wang et al., 2016). BPA used as a color developer in various
paper products has significant exposure to the human population
(Liao and Kannan, 2011; Porras et al., 2014). Estimates of 5.25
trillion plastic particles weighing 268,940 tons floating in the sea
have been reported (Eriksen et al., 2014). More shreds of evidence
of microplastics in the human placenta (Ragusa et al., 2021) and
endocrine-disrupting chemicals in a wide variety of products
(Wong and Durrani, 2017) are alarming. Such impacts are not
directly addressed in the conventional efficiency-based corporate
sustainability reporting and life cycle assessment (LCA)-based
methods. The sustainability of the manufacturing enterprises is
majorly addressed with the help of sustainability standards, such
as environmental management and LCA standards (ISO 14001,
14040, and 14044), ISO 50001 energy management standard,
global reporting standards (GRI), and sustainability accounting
standards board (SASB) standards.

Existing  sustainability = assessment  (SA) literature
predominantly focuses on efficiency improvements without
considering absolute (local and global) pollution limits and
rebound effects (Hauschild, 2015; Gutowski, 2018; Fantke
and Illner, 2019). An analysis of 83 case studies revealed
the gaps in the implementation of sustainability measures in
manufacturing (Despeisse et al., 2012). Environmental impact
and economic benefits are more frequently reported than
social aspects. SA methods operating at the factory level lack a
generic and holistic approach (Chen et al., 2013). Various SA

methods for discrete manufacturing process (gate-to-gate) level
observed a shift toward life cycle sustainability analysis (LCSA)
(Gbededo et al., 2018). Most studies focus on environmental
dimensions, whereas social dimensions are overlooked in the
SA of the automotive sector (Pallaro et al., 2015). The need for
integrating the three sustainability dimensions (planet, people,
profit) for a holistic assessment has been consistently reiterated
in literature.

Impacts occurring in a product life cycle can be categorized as
embodied and active (Kumar and Mani, 2019) (Table 1). Impacts
occurring in the production of a product can be defined as
embodied impacts and primarily addressed using an efficiency
perspective, e.g., energy and resource efficiency. In contrast,
active impacts are ongoing impacts that are likely to occur
during a product’s use and post-use phases, e.g., human toxicity
impacts due to product use and toxic materials emissions to
the environment due to product use (Kumar and Mani, 2019).
Embodied impacts are reasonably straightforward to identify
and deal with. They mainly involve efficiency improvements
and are primarily associated with design and manufacturing
phases. System boundaries for embodied impacts are well-known
and easy to define and regulate. Assessing embodied impacts
generally leads to economic benefits to the company. Efficiency-
based approaches counterintuitively lead to rebound effects,
resulting in a higher resource and energy net consumption.
Effectiveness-based active impacts involve inherent uncertainty
and are difficult to estimate.

On the other hand, active impacts are not straightforward and
can be notorious to identify and deal with. Use-phase exposure
to organic and inorganic substances and material disintegration
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TABLE 1 | Classification of product life cycle impacts, abridged from Kumar and Mani (2019).

Impact
categorization

Embodied impacts

Active impacts?®

Life cycle Material extraction and production Product Product use Product
stage maintenance disposal
Impact Environmental Economic Social Human toxicity and ecotoxicity (acute and chronic)
category
Examples Resource use Investments, Occupational Worker’s User’s exposure Chemicals
(Energy, water, revenue (Profit) health and exposure to to chemicals leaching into
raw material, safety chemicals (materials) groundwater
and land) (materials) used in the
Emissions used in the products, e.g.,
(solid, liquid, products Endocrine-
and gaseous) disrupting chemicals

Efficiency measures

Impacts due to
behavioral change

Effectiveness measures

aActive impacts in this classification are currently limited to human toxicity and ecotoxicity impacts.

is omitted in the existing SA practices in methodological
considerations, impact assessment, and systemic consequences.
Assessing (effectiveness-based) use phase impacts is considered
challenging in contrast to those related to (efficiency-based)
production and disposal phases, as product characteristics, user’s
behavior, and circumstances of use both vary (Schmidt I. et al,,
2004). A manufactured products performance also depends on
the use phase in the living environment, e.g., a fuel-efficient car is
just as polluting as any other car when driven in a heavy-traffic
scenario. This distinction is crucial for the SM community to
gain clarity on effective measures that could aid the identification
of appropriate indicators and product life cycles that genuinely
contribute to sustainability.

The need for the transition from efficiency to effectiveness
in industrial sustainability has recently been reviewed in the
context of product design, manufacturing process planning,
and CE (Haapala et al, 2013). A comprehensive evaluation
of SA practices in manufacturing from an efficiency and
effectiveness perspective has not been conducted so far. In this
direction, we have discussed the distinction between efficiency
and effectiveness assessment methods and presented the way
forward to develop effectiveness-based approaches. This article
presents challenges and opportunities for effectiveness-based SA
in manufacturing.

EFFICIENCY VS. EFFECTIVENESS

Efficiency and effectiveness have been debated in different
contexts in the literature of sustainability and manufacturing.
Efficiency focuses on minimizing resources to achieve the desired
output level, while effectiveness emphasizes ascertaining and
making the right choices for utilizing resources (Duflou et al.,
2012). International policy and industry sustainability initiatives
focus on energy efficiency, GHG emissions reduction, carbon
neutrality, etc. Corporate sustainability reports commonly
practice relative/efficiency improvements with a minimal

mention (~5% of all corporate reporting) of planetary
boundaries and ecological limits (Bjorn et al., 2017a). Efficiency
may not assure or yield effective results; effective results may
not involve an efficient approach as a necessary condition. A
good example could be derived from military operations, where
effectively achieving results is the only performance driver
and not how efficiently an operation is performed. The same
principle operates in the design/manufacturing of vehicles for
operation in adverse conditions, where reliability or fail-safe
operation is the fundamental consideration, and not so much
fuel efficiency.

In the context of manufacturing industries, efficiency-based
performance measures address customer satisfaction by the
firm/manufacturer (internally), keeping in mind the firm’s
economic viability; In contrast, effectiveness measures focus on
fulfilling customer requirements (Neely et al., 1995). Energy
effectiveness is a far more complex and broader concept as
compared to energy efficiency and involves value judgment and
ethical considerations about the best utilization of resources
(Shade and Sutherland, 2018).

Effective sustainability principles include an adequately
defined scope of the assessment, transparent and effective
communications, and stakeholder participation (Mani
et al, 2005; Pintér et al, 2012). Eco-effectiveness implies
proactively looking at positive contributions through
absolute improvements (“doing good than just doing less
bad”) for positive recoupling between economy and ecology
(Hauschild, 2015; Herrmann et al., 2015). Figure 2 (adapted
from Kumar and Mani, 2021a) illustrates the distinction
between efficiency and effectiveness in SA. The ability to
foresee likely impacts of human activities is crucial to guide
assessment methods toward sustainability (Gibson, 2006),
requiring an effectiveness-based systems approach. An effective
sustainable design approach simultaneously addresses market
success (economy), environmental and social challenges,
and undesirable consequences (such as rebound effects) that
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can overshadow economic, environmental, and social benefits
(Hauschild, 2015). The importance of transdisciplinary studies to
cope with complex sustainability challenges has been reiterated
in literature (Bond and Morrison-Saunders, 2013). Stakeholder
engagement and communication throughout the assessment
practice are vital for ensuring SA effectiveness (Gutowski et al.,
2013; Chandran et al.,, 2016). The effectiveness in SA requires
improved assessment methods and enhanced implementation
and decision-making for sustainability.

Various aspects (see Figure 2) of effectiveness assessment are
discussed briefly:

e Relative vs. absolute assessment: SA has been promoted as
efficiency improvement for a long time, leading to various
concepts focused on efficiencies such as energy efficiency,
material efficiency, and resource efficiency. Even though these
concepts are well-studied in the literature and implemented
on a broader scale, they are criticized from time to time
for their ineffectiveness. Lack of integrated assessment,
including human behavior (Gutowski, 2018), rebound effects
(Gillingham et al., 2013; Azevedo, 2014; Wei and Liu, 2017)
and feedback systems, efficiency improvements have yielded
counterintuitive results. Absolute assessments integrate the
concept of planetary boundaries (Rockstrom et al., 2009) in
the SA methods. Multiple studies have recently explored the
application of the planetary boundaries framework at different
levels of manufacturing (Bjorn et al., 2020a).

e Disconnected (Site-generic) vs. Integrated (Near-field and
Far-field) Assessment: Widely followed impacts assessment
methods adopt a site-generic approach to report impacts for
a general population, primarily for the ease of communication
and calculations. For effective assessment, impacts should be
characterized and assessed as per their geographical relevance.
Barriers to following such a process include lack of data and
appropriate assessment techniques, which are still nebulous
and evolving. Given the fact that humans spend 80-90%
of their time indoors (Morrison, 2008; Gonzalez-Martin
et al., 2021), near-field impacts are crucial to understand
and integrate with SA. Near-field impacts are quite relevant

for the product use phase, which are earlier also defined as
active impacts (Kumar and Mani, 2019). Various assessment
methods have been developed for assessing near-field impacts.
A widespread focus has been on the near-field impacts
due to chemical exposure (Huang et al., 2017). A few
products/product categories have been studied, e.g., buildings
(Huang et al., 2019, 2021), children’s toys (Aurisano et al,
2021), cosmetics (Ernstoff et al., 2016), etc. Recent studies
on chemical exposure, indoor pollution, and human toxicity
suggest an urgent need to focus on active impacts in near-field
environment, for example, health concerns due to prolonged
exposure to LED light (Nash et al., 2019), indoor pollution
(Ham, 2019), and underestimated effects of BPA on human
health (Gerona et al., 2019), etc.

e Reductionist vs. holistic assessment: A reductionist SA

approach focuses on individual aspects of sustainability
for simplified assessment and user-friendliness and can be
classified into three categories: monetary, biophysical, and
sustainability indicators/indices (Gasparatos et al., 2008).
In contrast, a holistic sustainability approach considers
the complex interdependencies and interconnectedness
between the sustainability dimensions, acknowledging the
uncertainties and undesirable consequences and associated
stakeholders of an activity (Sala et al., 2013b, 2015). System-
based approaches capture the interactions between the
sustainability dimensions and trace cause-effect chains from
an activity to an impact. Such an approach is crucial to
understand the direct and indirect impacts associated with
an activity in a product life cycle. Systems-based approaches
prevent sub-optimization by following a holistic approach
considering the trade-offs within the connected systems. A
holistic approach to integrating (traditional) efficiency-based
and eco-effectiveness approaches is needed for sustainable
industrial development (Gaziulusoy and Boyle, 2013).

e Linear vs. circular life cycle: Circularity is increasingly seen

as a precursor to sustainability (Geissdoerfer et al., 2017)
and provides the horizontal facilitator traversing the three
pillars (verticals) of sustainability. Resource scarcity has been
a crucial concern for sustainability research, widely practiced
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with resource efficiency measures. The linear take-make-
dispose model has failed to sustain in the developing society
with endless resources demands (biotic and abiotic). Despite
the peak of efficiency improvements and recycling rates,
the insatiable demand for resources has led to resource
scarcity (Allwood et al., 2011; Gutowski et al., 2013; Graedel
et al., 2015). Global circularity metrics have reported that
the world is only 8-9% circular (Circle Economy, 2022).
Circular Economy is an alternate economic concept that
emphasizes on restorative and regenerative use of resources
by designing out waste, keeping materials and products in
use, and transitioning to renewable energy sources (The Ellen
MacArthur Foundation, 2017). Product design and life cycle
management have a crucial role to play in circularity scenarios.
Conserving resources is viewed as a potential solution for SM
(Rashid et al, 2013) and is also imperative for circularity.
The criticality of materials has also received the attention
of sustainability research (Schrijvers et al., 2020). Integrating
material criticality assessment with LCA is crucial to ensuring
material supply (Sonnemann et al., 2015).

SUSTAINABILITY ASSESSMENT:
OVERVIEW OF EXISTING APPROACHES

SA has its roots in the environment and pollution domain. It
has evolved as the extended version of existing environmental
assessment methods such as environmental impact assessment
(EIA) and strategic environmental assessment (SEA) by
integrating social and economic dimensions to address the triple
bottom line (TBL) concept (Pope et al., 2004). SA comprises
two dimensions: the concept of sustainability (definition) and
the decision-making context (purpose of assessment) (Pope
et al., 2017). Several SA frameworks, methodologies, tools, and
indicators have been reviewed (Ness et al., 2007; Singh et al.,
2012). Table 2 presents various SA methodologies developed for
product/processes in chronological order.

SA is a predictive decision-making tool for sustainability
(Pope et al., 2017) that should follow a systems approach and
involve stakeholders throughout the assessment process (NRC,
2013). SA are comprehensive context-dependent assessments
to identify emergent properties and involve multiple field-
specific methods depending on the application (Sala et al,
2015). The terminology in SA literature is characterized as
the framework (e.g., LCSA), methodologies (e.g., LCA, S-LCA,
LCC), methods or tools (e.g., LCIA methods such as Eco-
Indicator99, CML, and ReCiPe; software (GaBi, SimaPro, and
OpenLCA); and indicators (DALY, acidification potential, and
ozone depletion potential, etc.) (Sala et al., 2013b). SA methods
are categorized into monetary, biophysical, and indicator-based
methods following anthropocentric, eco-centric, and mixed
valuation perspectives (Gasparatos and Scolobig, 2012). Another
broad categorization of SA methods is product-based (which
follows a life cycle perspective), indicators-based, and integrated
assessment methods (focused on policy implementation) (Ness
et al, 2007). Integrated assessment methods are prospective
on a temporal scale, whereas indicator-based methods are
retrospective (Ness et al., 2007). Most assessment methods

are reductionist except indicator-based multi-criteria methods
(Gasparatos and Scolobig, 2012). Forecasting methods are
more favorable for SA to help decision-makers identify
impacts, benefits, risks, and vulnerabilities of action(s) of
integrated natural and societal systems in short and long-time
scenarios at local and global scales (Ness et al., 2007). Recent
studies have integrated future studies into SA to assess long-
term sustainability perspectives. Scenario-oriented SA methods
have been classified into five categories: procedural tools,
analytical tools, tools for aggregating impacts, combined scenario
assessment methods, and strategic environmental assessment
(Fauré et al., 2017).

Further, various methods for conducting SA (broadly
categorized as life cycle and indicator-based approaches) and
recent developments to integrate and address effectiveness in the
sustainability practice have been discussed.

Life Cycle Approaches (LCA, S-LCA, LCC,

and LCSA)

LCA, also known as Environmental-LCA (E-LCA), has been
extensively used as a decision support tool by many industries to
make strategic and planning decisions related to sustainability.
LCA has evolved from a mere focus on energy and resource
efficiency to linking material flows to the Areas of Protection
(AoP) currently limited to human health, ecosystem quality, and
natural resources. The UNEP life cycle initiative has recently
proposed new AoPs: Socio-Economic Assets, Cultural Heritage,
and Natural Heritage (Verones et al, 2017), and are yet to
be further developed for implementation. Further, E-LCA has
emerged into new methodologies such as Consequential-LCA
(C-LCA) (Earles and Halog, 2011), Dynamic LCA (Levasseur
et al., 2010), Working Environment LCA (WE-LCA) (Poulsen
and Jensen, 2004) (Schmidt A. et al., 2004), Economic Input-
Output LCA, Social and Socio-economic LCA (Benoit et al.,
2009) and Prospective LCA (Arvidsson et al., 2017). WE-LCA is
restricted to impacts within the working environment applicable
at different manufacturing levels (Poulsen and Jensen, 2004).
The LCA framework can be further expanded by including
the Ecosystem Services (ES) impact category to consider the
ecosystems’ capacity to impacts caused by human activities
(Dreyer et al., 2006). Also, few advancements can be seen in
human toxicity and exposure impact categories (Jolliet et al,
2015) with the development of LCIA methods such as USEtox.
Intake fraction (iF), widely followed for outdoor (far-field)
exposure assessment, has been modified to product intake
fraction (PiF) for near-field/indoor emissions to study consumer
exposures in the product use phase (Jolliet et al., 2015). An
increasing interest in integrating planetary boundaries to develop
absolute SA methods can be observed in the literature (Bjorn
et al., 2016; Chandrakumar and McLaren, 2018). Issues related
to data aggregation make LCA an unreliable method for accurate
assessments. Efforts have been made by CO,PE!-initiative
(Cooperative Effort on Process Emissions in Manufacturing) for
providing reliable LCI data by generating unit process-specific
LCI datasets (Kellens et al,, 2012). Multinational companies
could engage various actors along the value chain to enable
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TABLE 2 | Product sustainability assessment methods (chronological order).

Assessment method Year Developed by Motivation Assessment Source
(decision)
Sustainability 1990 UK Oil and Gas Holistic cost Sustainable (Baxter et al., 2003)
assessment model Industry with accounting development
University of Aberdeen performance of
industrial sectors
(design decisions)
Ecological footprint 1996 Wackernagel and Conservation of Resource (Wackernagel and
Rees natural environment, consumption and Rees, 1998)
systems approach waste assimilation
(-NA-)
Global reporting 1997 Global Reporting Sustainability reporting Multiple indicators (Global Reporting
initiative framework Initiative, (voluntary) (-NA-) Initiative, 2015)
USA/Netherlands
Dow Jones 1999 RobecoSAM, Sustainability investing Region-wise (Knoepfel, 2001)
sustainability index Switzerland, and sustainability criteria
SandP Dow Jones (investment decisions)
Indices LLC, USA
Environment 2002 World Economic Sustainability Environmental (Saisana, 2014)
Sustainability Index Forum, Yale University, performance of sustainability (-NA-)
(ESI) and Columbia Nations
University, USA
IChemE sustainability 2002 The Institution of Practical tool for Multiple metrics (IChemE, 2002)
metrics Chemical Engineers engineers for SA (process, systems,
(specific to process organization, and
industries) supply chain level
sustainability
performance
decisions)
Socio-eco-efficiency 2004 BASF, Karlsruhe Integrating social Multiple social (Schmidt I. et al.,
analysis University and Institute performance and indicators 2004)
for Applied Ecology, eco-efficiency (-NA-)
Germany
Life Cycle Assessment 2006 ISO Life cycle thinking Energy analysis, later (ISO, 2006;
(LCA) extended to emissions GrieBhammer et al.,
and waste 2007)
(comparing
alternatives)
Product Sustainability 2007 Institute for Applied Integrated analysis, Integrated LCA, (GrieBhammer et al.,
Assessment (ProSA) Ecology, Germany system innovation S-LCA, LCC, and 2007)
benefit analysis
(-NA-)
Prosuite 2009 PRé Sustainability and Integrated SA of new Scenario analysis (Blok et al., 2013)
Universiteit Utrecht, technologies (prospective
Netherlands assessment
concerning new
products/technologies)
Social and 2009 UNEP Social and Social impact (Benoit et al., 2009;
Socio-Economic LCA sSOcio-economic assessment UNEP, 2020)
(S-LCA) impacts (-NA-)
Life Cycle 2008 Walter Kloepffer Interconnectedness Integrated LCA, (Kloepffer, 2008)
Sustainability Analysis among sustainability S-LCA, and LCC
(LCSA) dimensions (-NA-)
OECD toolkit 2011 OECD (Manufacturing) Sustainable (OECD, 2011)
Enterprise level manufacturing
sustainability indicators
assessment (factory level
decisions)
Product Environment 2017 European Commission Identify most relevant Multiple impact (European

Footprint (PEF)

(dominating) impact

categories

Commission, 2017)

categories (internal assessment
for companies,
product and process
level)
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an integrated LCI data collection process (Miah et al., 2018).
Simulation models, data-driven approaches, and blockchain
integrated supply chains are a way forward to fill the data gaps
pertaining to LCA studies of manufacturing processes (Stock and
Seliger, 2016; Leng et al., 2020; Bernstein et al., 2021).

Social-LCA (S-LCA) provides complementary information to
E-LCA, with a more detailed picture of impacts focusing on the
social dimension. It aims to estimate positive and negative social
and socio-economic impacts and incorporate a large amount of
qualitative data wherever applicable, whereas E-LCA relies only
on quantitative data. In S-LCA studies, manufacturing is the
most explored area (followed by agriculture, energy, buildings,
and photovoltaics) (Schmidt I. et al, 2004). Social impacts
(e.g., human dignity, wellbeing, human rights, labor practices,
and product responsibility) of products depend on the conduct
of the companies (business decisions) involved in the value
chain, contrary to environmental impact calculations that rely on
material and energy flow processes (Dreyer et al., 2006, 2010).
The relationship between social impacts and manufacturing
is unclear due to a lack of data tracing social impacts to
manufacturing decisions (Sutherland et al., 2016). Few studies
have attempted to establish this relationship, e.g., mortality risk
from lung cancer and labor rights violations associated with the
welding process and Nickel production (Hutchins et al., 2013).
A broader application of S-LCA at the organization level using
Social Organizational-LCA (SO-LCA) is presented in the latest
S-LCA guidelines by UNEP (UNEP, 2020).

Life cycle costing (LCC) originated in the 1950s and is a
predecessor to LCA and accounts for all product life cycle costs
beyond manufacturing boundaries and is considered relevant
for SA (Klopffer and Ciroth, 2011). It subsequently led to the
development of ISO standards (BS 15868-5), vastly applied in the
building and construction industry. The total cost of ownership
(TCO) is also used in the industry to estimate the purchasing
cost of a product/service. Environmental life cycle costing
(environmental LCC or eLCC) calculates life cycle environmental
aspects related to financial costs (Guinée et al., 2011; Swarr et al.,
2011). Life cycle cost analysis (LCCA) determines the economic
feasibility based on LCC calculations (Asiedu and Gu, 1998).

A conceptual formula “LCSA = LCA + LCC + S-LCA”
has been proposed to move from conventional LCA to SA
(Kloepffer, 2008). LCSA is a holistic representation of analytical
and descriptive approaches to SA. It aims to expand LCA to
a comprehensive method by broadening of impacts (including
environmental, economic, and social dimensions under one
framework), broadening the level of analysis, and deepening the
assessment (considering other relationships such as physical and
behavioral relationships) (Guinée et al., 2011; Guinée, 2016). It
has been interpreted as the “third wave of LCA” or “decade
of consolidation” that focuses on reducing existing practical
challenges and integrating sustainability dimensions (Zimek
et al, 2019). An LCSA framework to address the interaction
between various systems using technical, physical, micro, and
macro-economic, cultural, ethical, and societal models have
been proposed (Heijungs et al., 2010). Few studies have applied
LCSA approaches for SA in manufacturing in practice. A
step-by-step guide for applying LCSA at the manufacturing
facility (factory) level has been presented (Onat et al., 2016;

Hannouf and Assefa, 2017). The study included six areas
of protection: economic stability, ecosystem quality, human
health, human-made environment, social justice, and resource
availability (Hannouf and Assefa, 2017). Most of the current
applications of LCSA in practice focus on the environmental
science discipline with a meager contribution to social sciences
and economics and misses out on the interrelationships within
the system, feedback mechanisms, and rebound effect (Onat
et al,, 2017). The focus of methodologies varies from reactive to
proactive nature, utilizing both quantitative and qualitative data.
Most ex-post assessments follow multi-criteria decision models,
whereas the ex-ante (proactive) assessments utilize mathematical
programming for SA (Walker et al., 2021).

Many challenges exist in developing a robust methodology
for LCSA as the underlying approaches are under development
and have methodological and practical challenges (Sala et al.,
2013a). The challenges include requirements of future scenario-
oriented life cycle approaches, integrated with the quantitative
and practical indicators to address inadvertent uncertainties
such as rebound effects (Guinée, 2016). Dynamic interactions
between various sustainability indicators, feedback mechanics,
and systems surroundings can be captured using a systems
dynamic model for a holistic LCSA. Capturing the case-
specific interlinkages among sustainability dimensions remains
a significant challenge for LCSA studies (Hannouf and Assefa,
2017).

Indicators-Based Sustainability

Assessment

Indicators provide the means to measure sustainable
development to provide feedback to the decision-makers
(Mani et al., 2005). Sustainability indicators must be appropriate,
measurable, representative of the concerned phenomenon,
reliable, technically feasible, communicable, and aid effective
action/decision to support sustainability (Hak et al, 2012).
Various organizations and authors have proposed numerous
sustainability indicators for the sustainability categories
(environmental, economic, social, institutional, and circularity).
A common criticism about the sustainability indicators approach
is that they are reductionist, i.e., they tend to isolate the problem
by oversimplifying it and lack a systems approach (Bell and
Morse, 2012). Indicators do not necessarily establish a cause-
effect relationship between an activity and the impact but can
effectively contribute to sustainable development by involving
the quantified analysis and meaningful interpretation (Mair et al.,
2018). Organizational sustainability indicators can be classified
as lagging (assessing impacts that occurred in the past) and
leading indicators (for future performance and impacts) (Tanzil
and Beloff, 2006). SeeBalance® is an indicators-based method to
estimate the social impacts of products and processes in various
phases (material sourcing, production, use, and disposal) by
considering indicators associated with employees, suppliers,
customers, society, future generations, and international society
(Schmidt I. et al., 2004). Case and geography-specific indicators
must be developed, considering the decision-making context and
stakeholders’ interests for effective implementation (Lyytimaki
et al., 2013).
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SUSTAINABILITY ASSESSMENT IN
MANUFACTURING: OVERVIEW AND
CHALLENGES

SM is conventionally defined as the creation of manufactured
goods that minimize negative impacts while conserving energy
and resources in a most economical way (US Dept of Commerce,
2007). Methodologies developed under a particular paradigm
imbibe relevant philosophical assumptions of the paradigm
(Sudit, 1995). The definition of SM plays a crucial role in
SA. Sustainability in the context of manufacturing has been
defined and applied in different ways by various studies
and organizations. There is no standard definition to date,
though the definition proposed by the U.S. Department of
Commerce “Sustainable manufacturing includes things such as
making products using less energy and materials, producing
less waste, and using fewer hazardous materials as well as
products that have greener attributes such as recyclability or lower
energy use;, is frequently cited (Moldavska and Welo, 2017)
Table 3 lists salient SM definitions and contributions. Definitions
proposed by Lowell Centre for Sustainable Production, Alting
and Jogensen (1993), Garetti and Taisch (2012), and Nahkala
(2013) link SM to products and services, whereas other
definitions focus on the policy aspect of SM (OECD, 2011).
Other definitions emphasize social dimensions and the circular
economy perspective (Nahkala, 2013; Moldavska and Martinsen,
2018). A detailed review of 89 definitions of SM has been
presented, focusing on various factors (e.g., manufacturing levels
and associated stakeholders) that influence the sustainability
performance (Moldavska and Welo, 2017). The majority of
definitions do not consider the interconnectedness among the
sustainability dimensions and across product life cycle stages,
which is crucial for effectiveness (Kumar and Mani, 2021b).

Theory (Academic) Perspective

SA in manufacturing is an emerging area of concern among
the manufacturing research community in both industry
and academic research. SA practice in manufacturing can
be classified as indicators-based approach (development of
sustainability indicators and indices), product-based assessment
(e.g., LCA, material flow analysis), and integrated assessment
(e.g., system dynamics, multi-criteria decision models etc.)
(Ness et al., 2007). Numerous frameworks, methodologies,
and tools have been developed for SA in manufacturing.
The assessment methods for SA in manufacturing range from
process, multi-facility, and global supply chains level. SA in
manufacturing can be classified into two assessment categories:
sustainable product development (segmented and integrated)
and sustainable performance measurement (segmented and
integrated) (Gbededo et al, 2018). Current SA practices
in manufacturing focus on the environmental dimension
throughout the supply chain, and the social dimension has
received less attention (Despeisse et al., 2012). Existing practices
in manufacturing are not generic, lack consistency, are company-
specific, and focus on external reporting (Moldavska and Welo,
2015). Figure 3 shows the mapping of widely used SA methods

TABLE 3 | Analyzing definitions of Sustainable Manufacturing, extended from
Kumar and Mani (2021b).

Source Year Salient contribution/focus Developed by
Alting and 1993 Resource (material and energy) Academia
Jogensen and environmental conservation
(1993) in the life cycle perspective
Nations 1994 Services, future generations Government/
(2002) Organizations
Veleva and 2001 Zero pollution (effectiveness Academia
Ellenbecker oriented), emphasis on the social
(2001) dimension (worker’s skills)
US Dept of 2008 Few aspects of circular economy  Government/
Commerce (recyclability) Organizations
(2007)
OECD (2011) 2011 Business perspective, inclined Government/

toward life cycle management Organizations
Garetti and 2012 Emphasis on social values Academia
Taisch (2012) (quality of human life)
Nahkala 2013 Circular economy perspective Academia
(2013)
Jayal et al. 2013 Levels of manufacturing Academia
(2010) (processes and systems)
Lee and Lee 2014 An operational definition; Academia
(2014) includes design, process

planning, and production system
Moldavska 2018 Operational effectiveness, more Academia
and Martinsen social metrics (such as
(2018) discrimination, wealth)

in manufacturing on operational (product) to application
(policy) scale at various manufacturing levels (product to multi-
facility and global level). Few methods operate at the product
level, whereas the strategic (policy) zone is populated with
several methodologies.

Most of the SA literature in manufacturing follows an
indicators-based approach and extensively employs LCA for
assessment in conjunction with various decision-making tools
(e.g., MCDM, DES, and DEA). A combination of qualitative and
quantitative metrics has been used for assessment. SM research
has studied three types of indicators: conventional (efficiency,
cost, quality, etc.), operation (energy and water use, pollutant
emissions, etc.), and prevention (potential for recycle, reuse, and
disassembly, etc.) (Singh et al., 2012). A comprehensive set of
classification of indicators has been presented based on NIST’s
Sustainable Manufacturing Indicator Repository (SMIR), adding
technological advancement and performance management to
the conventional sustainability dimensions/TBL concept (Feng
et al, 2010; OECD, 2011). Other SA indices (e.g., eco-
points, eco-compass, and eco-indicator99) for manufacturing
industries have been presented (Singh et al., 2012). Human
toxicity and water footprint indicators have received lesser
attention than extensively studied environmental indicators (e.g.,
resource-use and emission reduction) (Esmaeilian et al., 2016).
Stakeholders’ focus varies with the manufacturing level, e.g.,
designers and engineers for the product, process, and systems-
level; decision-makers (manufacturers) for facility level. A
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FIGURE 3 | SA measures in manufacturing at various levels, extended from Feng et al. (2010). CEPI (CPCB), Comprehensive Environmental Pollution Index (Central
for Pollution Control Board, India); CO2PE!, Cooperative Effort on Process Emissions in Manufacturing; DJSI, Dow Jones Sustainability Index; EF, Ecological Footprint;
EIO-LCA, Economic Input Output Life Cycle Assessment; GRI, Global Reporting Index; Ford PSI, Ford Product Sustainability Index; IPCC, International Panel on
Climate Change; ISO-LCA, ISO-Life Cycle Assessment MSM (Genera | Motors): Metrics for Sustainable Manufacturing; OECD, Organisation for Economic
Co-operation and Development; PEF, Product Environment Footprint; ProdSI, Product Sustainability Index; ProcSlI, Process Sl; Line S, Line Sl; PlaSI, Plant SI; ProSA,
Product Sustainability Assessment; SCM, Supply Chain Management; S-LCA, Social LCA; SMSI (Nike), Sustainable Manufacturing Sourcing Index; Systems Thinking
Approach (Moldavska and Welo, 2016); Sustainability Characterization Methodology, Mani et al. (2014).

holistic SA framework to capture value across the manufacturing
networks has been developed (Bocken et al.,, 2013). Further, a
control engineering-based decision-support systems framework
to improve the sustainability of manufacturing industries has also
been developed (Moradi-Aliabadi and Huang, 2018). A strong
sustainability-oriented framework for manufacturing has been
proposed (Pinto et al., 2020). This work’s noticeable contribution
is industry stakeholders’ involvement in agreeing on the
weighting of sustainability dimensions for strong sustainability.
A novel approach to assess sustainability and circular economy
performance of industrial sectors has been proposed (Arbolino
et al., 2022).

The use and post-use phases have received less attention
than the manufacturing phase, probably due to well-defined
boundaries and easily available data. The use stage impacts such
as consumers exposure due to indoor (near-field) emissions
during the use stage have not been considered so far. Near-field
active impacts are also crucial to address in a manufacturing
environment for effective SA. An inclination toward social and
technical dimensions can be observed in recent publications.
Indicators such as workers’ and consumers’ health and safety,
employment, community impact, risk and hazards, and toxic
releases have been studied generally under the social dimension.
The assessment methods are not geographically relevant except
few studies, e.g., ISO (2006) and Kamyotra and Central Pollution
Control Board (2009). Strong sustainability has been overlooked

in the past, but with the current pandemic and climate change is
being accepted, though with operational reluctance.

Process-Level SA

Unit manufacturing process (UMP) level SA in manufacturing
employs multiple combinations of approaches for assessment
(e.g., LCA, analytical/mathematical modeling, material
information models) and decision making (e.g., multi-criteria
decision making, analytical network process) (Pineda-Henson
and Culaba, 2004; Roy and Li, 2014; Bork et al., 2016; Doran
et al., 2016). The assessment focuses on either the manufactured
part/product or the production process under study. SA has
been conducted for generic and specific subtractive and additive
production processes (Lu et al., 2012; Priarone and Ingarao, 2017;
Hegab et al., 2018; Saad et al., 2019). A wide range of general and
case-specific, qualitative, and quantitative indicators assess the
environmental, social, economic, and technical impacts. A recent
study evaluated the effect of behavioral and cognitive aspects
of the manufacturing environment on workers’ performance
(Peruzzini and Pellicciari, 2018).

Systems and Facility Level SA

Systems and facility-level SA utilize assessment methods from
manufacturing performance literature, e.g., systems integration
model (Mani et al., 2013), value stream mapping and material
resource planning (Faulkner and Badurdeen, 2014; Huang
and Badurdeen, 2017), enterprise resource planning (Li et al.,
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2016). Further, many methods employ methods from disciplines
other than manufacturing performance assessment, such as
economic input-output (Egilmez et al., 2013), Fuzzy inference
system (Singh et al., 2014), Graph theory (Jayakrishna et al.,
2016), and systems thinking (Moldavska and Welo, 2016), and
multi-criteria decision models (Stoycheva et al, 2018). A SA
framework integrating traditional manufacturing parameters
(quality, flexibility, and time) with sustainability metrics has
been proposed to compare different process plans (Saxena
et al., 2020). The indicators span across multiple sustainability
dimensions with a sufficient focus on social dimensions and
workers’ health and wellbeing. A questionnaire-based study
included ecosystem health indicators such as biodiversity and
natural hazard (Chen et al., 2014) and impacts on species, aquatic
life, and land use (Stoycheva et al., 2018). A few studies consider
the impacts across product life cycle stages (Yang et al., 2014;
Huang and Badurdeen, 2017; Stoycheva et al., 2018). Another
framework studied geography-specific environmental impacts
due to manufacturing clusters (Kamyotra and Central Pollution
Control Board, 2009). A system thinking and complexity-
theory-based approach for facility-level SA also has been
proposed (Moldavska and Welo, 2019). A simulation tool named
Sustainable Manufacturing Planning and Simulation (SMPS)
has been developed to predict environmental impacts occurring
during various product development (design and manufacturing)
stages (Mani et al., 2013). It was developed based on the earlier
model Systems Integration for Manufacturing Applications
(SIMA) by integrating sustainability aspects in the product life
cycle. Further, a simulation-based theoretical framework has
been proposed for sustainability impact analysis to integrate
traditional product design processes with sustainability strategies
(Moldavska and Welo, 2016). The systems dynamics approach
has been demonstrated to model SM problems (Zhang et al,,
2013). Systems thinking can potentially shift the focus of SA
from a reductionist to a holistic approach. Further, the framework
has been tested for manufacturing process-level decision-making
regarding absolute environmental sustainability (Bjorn et al,
2020b).

Operationalizing SA practices in the manufacturing industry
by implementing the frameworks and tools developed by
academia have been the priority. In this direction, few attempts
have been made to fill the gap between industry and academia
by involving industry stakeholders in the assessment process.
The information-gathering regarding various challenges to
implementing SA methods in the industry has been carried
out using semi-structured interviews of the industry focus
groups (Smullin et al, 2016; Trianni et al, 2017). A study
has analyzed a comprehensive database of about 45,000 reports
to understand the reporting pattern and challenges in using
LCA in corporate sustainability reporting (Stewart et al,
2018). Standardized metrics supporting the decision-making
responsive to local geographies involved in the product life cycle,
relatable to the industry’s core business practices, are required
to support the industry SA practice (Smullin et al, 2016).
Reactive assessment focusing on energy and material efficiency is
predominantly practiced by most companies, primarily driven by

economic benefits and regulatory pressure (Alayon et al., 2017).
Simple metrics related to core business practices, supported
by transparent data, standardized process information models,
and incentives are required to accelerate the adoption of SA
practices in the manufacturing industry (Nahkala, 2013). More
recently, a detailed analysis of corporate reporting from 2000 to
2014 revealed that a small percentage of industries incorporate
ecological limits (planetary boundaries) in the sustainability
reporting process (Bjorn et al., 2017b). Integrating circularity in
the SA in the industry requires an indispensable contribution by
all stakeholders involved in the value chain (Lieder and Rashid,
2016). Industry 4.0 and digitization is anticipated as a potential
enabler of circularity (Nascimento et al., 2019; Rajput and Singh,
2019). To further explain the state of industrial SA practice,
we present a brief overview of four sustainability reports and
sustainability standards followed in the industries for assessing
and reporting sustainability.

Industry Perspective

Various standards are followed (ISO, GRI, GHG protocol,
etc.) for conducting and reporting the sustainability of the
industry. GRI is one of the most followed standards in larger
organizations and has launched a digital reporting tool (https://
digital.globalreporting.org/) containing multiple organizations’
databases and sustainability reports. Organizations attempt
to look at all three pillars of sustainability with varying
degrees of focus. The size of the firm/manufacturing facility
is one of the deciding factors for the type of assessment
practice being followed, as large firms in India tend to follow
environmental assessments compared to small and medium
level firms (Singh et al., 2016). Chemicals and pharmaceuticals,
electronics and computers, oil and gas, automotive, and metals
and manufacturing industries are the top sustainability reporting
sectors among the panel of Fortune Global 250 firms. The
sustainability reporting methods adopted by industry can be
broadly categorized into three categories:

e reporting frameworks (e.g., GRI),

e standards (e.g., ISO EMS. ISO 26000, OECD), and

e ratings/indices (e.g., LEED green building rating) (Olanipekun
etal., 2021).

LCA tools are commonly used for sustainability reporting
in Europe and North America regions (Stewart et al,
2018), primarily because the regional databases are easily
available. Companies often confuse sustainability performance
(assessment) with sustainability-oriented practices because
of unclear definitions of SM. The sustainability challenges
would be more dominant as more industries focus on
economic sustainability over environmental sustainability
in a post-COVID-19 world (Zhang et al., 2020).

Industry Claim of Practice

This section reviews sustainability reports of four leading apparel,
electronics, and automobiles manufacturing industries (Nike
Inc., Apple Inc., Dell, and BMW) based on the effectiveness
criteria discussed in the paper. The selection was primarily made
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based on the quality of reporting, level of details provided, and
information disclosed. Table 4 summarizes the review results
from the four reports. The scope definition interprets the
industry’s vision of sustainability and SM. It is observed that
the definition follows a similar trend as SM definitions proposed
in academic research (Table 3). The focus for assessment across
various life cycle phases and geographical locations has been
analyzed and presented in the reports. Significant efficiency-
based improvements in material and energy usage can be
noticed (Table 5). The improvements are benchmarked against
earlier financial year’s reporting data, e.g., improvements such
as environmental concerns (including ethical sourcing) have
been discussed for the company’s economic benefits. The
benchmarking must be done against the absolute pollution
boundaries for effectiveness, requiring theoretical developments.
Notably, most industries have not addressed geographical
challenges (see Table 5). The importance and difficulty in tracing
impacts over the geographies have been indicated in the reports.
Also, an inclination toward the circular economy and safer
chemicals can be observed.

Contrary to literature reviewed in SA in academia (theory),
the corporate reporting focuses on individual sustainability
pillars and misses systemic linkages. Industry adoption of
theoretical assessment methods is at a nascent stage due to
lack of industry-specific metrics, incomplete understanding of
corporate sustainability, resource, and time-intensive assessment.
Few industries have developed their own SA tools, e.g., Ford
PSI and Nike SMSI. The selected reports have been evaluated
against the environmental, economic, socio-economic, and
social parameters in Table 5. Reduction in various parameters
(per financial year) has been reported (see Table 5), reflecting
efficiency-based assessment.

Sustainable Manufacturing for
Effectiveness: Challenges and
Opportunities

The main challenges/opportunities in achieving effectiveness in
SM can be broadly categorized into three categories:

(a) methodological challenges requiring paradigm shift from
efficiency-based assessment to effectiveness,

(b) data requirements pertaining to the effectiveness-based
methodologies, and

(c) Implementation challenges enabling the adoption of SA
practices in the industry.

Effectiveness in SM implies products and processes that do
not pollute, as against efficient operations that pollute, but less.
Effectiveness is most pertinent today, as pursuits of efficiency
in energy/resource use have only aggravated net energy/resource
consumption. Integrated systems approach involving multiple
stakeholders and assessment tools, effectiveness indicators,
knowledge from multiple disciplines (e.g., SA, manufacturing
performance, systems thinking, and CE), benchmarked against
local and global pollution limits, would be a way forward toward
effectiveness Effectively assessing sustainability performance
for a globally distributed manufacturing/life cycle network

is a challenging task. Policy (top-down) and process-level
(bottom-up) interventions are required to integrate (a) the
hierarchal disconnect in manufacturing decision-makers and
(b) different stakeholders’ concerns in the value chain on
a single platform for effective decision-making. A potential
future challenge for SM is to establish the causality between
product life cycle activities and various impacts and trace
impacts to design and manufacturing decisions. It can be
effectively achieved by considering life cycle stages beyond
manufacturing, incorporating verifiable metrics, simulation-
based design, manufacturing impact analysis, and resolving
trade-offs among sustainability dimensions and conflicts such
as rebound effects. Integrating design and manufacturing
simulation tools with the SA frameworks is crucial for
effective SA. Utilizing strategies such as waste utilization
(avoid downcycling), closed-loop material and energy flows
(circularity), and material substitution (safer chemicals) could be
helpful in this direction. It is crucial to concurrently consider
the horizontal dimension of the product life cycle (i.e., life cycle
stages and circular economy scenarios) and vertical structure.
i.e., manufacturing levels (process, systems, facility, and supply
chain level) for a holistic assessment. New manufacturing
processes and business models (e.g., product-service systems and
circular economy), predictive LCA tools with reliable datasets
for assessing various impacts on local and global communities
are required for improved SM (Moldavska and Welo, 2015).
The manufacturing industry needs to expand the focus of
SA beyond efficiency measures (material efficiency, resource
efficiency, emissions reduction per year) and practice resource
accounting with respect to the ecosystem capacity, and include
social dimensions.

An integrated top-down (policy) and bottom-up (industry
decision-making) approach considering environmental impacts,
waste avoidance, and economic benefits simultaneously could
aid the effective implementation of circularity strategies in the
manufacturing industry (de Pascale et al., 2020; Kristensen and
Mosgaard, 2020). The circular economy framework has been
proposed to decouple environmental impacts from economic
growth by adapting various circularity principles such as
designing out waste, keeping materials in use by extending life
cycles, and regenerating natural systems (The Ellen MacArthur
Foundation, 2017). Circularity is essential for handling resource
scarcity and metal criticality challenges (Tercero Espinoza et al.,
2020) and is also continuously perceived as a prerequisite for SM
(Skerlos, 2015). Circular Manufacturing strategies are adopted
in the industry at various manufacturing levels (i.e., process,
systems, factory-level/policy level or micro, meso, and macro-
level, respectively (Kirchherr et al., 2017). Various circularity
assessment metrics and indicators have been developed at
different levels of manufacturing, e.g., product level (Cayzer et al.,
2017), company level (Vinante et al., 2021), and supply chain level
(Calzolari et al., 2021). Integrating circularity indicators in SA
practices in manufacturing is a way forward to address resource
effectiveness challenges such as metal criticality in addition to
implementing circularity practice. A few studies have integrated
LCA and circularity assessment (Rigamonti and Mancini, 2021).
It is also crucial to consider the exposure limits of chemical
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TABLE 4 | Sustainability assessment in industry: criteria for reporting.

Source Scope definition Criteria Design Raw material Manufacturing Supply chain/ Use Disposal
production logistics
/distribution
/sales
Nike Inc. Corporate Unleash human Geography Indicated importance of impacts:”
Sustainability Report potential by Where they occur” for improvement of
(NIKE Inc., 2018) transforming value chain.
manufacturing and
minimizing
environmental footprint
Assessment Performance, LCA, Focus on traceability, Manufacturing performance index Reduced supply chain Metric: Community Reuse a shoe program,
Sustainability training and audits, lean measures: network (use of Impact, Active Kids Recycling shoe pairs,
considerations manufacturing (for Cost, Quality, Labor Practice, Delivery. logistics). (Health improvements
Use of environmentally contract factories) Sustainable Manufacturing Source by playing sports).
preferred Index (SMSI):
high-performance Lean and Green Manufacturing and
(sustainable) materials, human resource management.
influenced by chemistry Environmentally friendly materials use.
compliance to enable Metrics considered:
zero hazardous GHG Emissions, Water and Energy
chemical Use throughout the value chain.
discharge (ZDHC) Footprint reduction, using renewable
sources of energy, new technologies
etc. (both in house and contract
manufacturing companies, Worker’s
health and safety, Labor Innovations.
Weight Reduction in packaging.
Apple Inc. Corporate Conserve resources, Geography
Sustainability Report use safer materials in
(Apple Inc, 2019) products and
processes, and smarter
chemistry, reduce
climate change impacts.
Assessment Safer materials in Ensure clean energy GHG protocol-based emissions Transportation audits. Energy efficiency of Take back initiatives,

products, design for low
power consumption.
Durable product design

and water use (for
partner companies)

considered (Scope 1, 2, and 3). Using
renewable energy and improving
energy efficiency in facilities.

Safer materials, energy-efficient
materials in manufacturing. Reliability
and environment testing. EMS certified
processes, Employee health and
safety assessment.

Recycled packaging paper.

Supplier Clean Energy Program for
Green Manufacturing

Mentioned difficulty in tracing (reason
being the user base is large and
diverse)

products, use of
renewable energy in
retail stores

KPI related to landfills,
disposal, waste
generation considered.
Disassembly robots.
Zero waste landfill,
audits, and waste from
facilities (data centers)
Challenges mentioned
in recycling.

(Continued)
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TABLE 4 | Continued

Source Scope definition Criteria Design Raw material Manufacturing Supply chain/ Use Disposal
production logistics
/distribution
/sales
Dell Corporate Minimize footprint and Geography
Sustainability Report increase social and
and White paper (Dell environmental benefits.
Corporation, 2017) Focus on environment,
communities, and
people.
Assessment Reduce environmental Conflict materials GHG protocol-based emissions QOcean transport PVC free safe products, Closed loop recycling

intensity instead of

environmental efficiency

reporting (for suppliers,
GRI G4 guidelines)

(Scope 1, 2, and 3).

Standards followed: ISO 9001,
OHSAS 18001, and ISO 14001

CE model for packaging.

Supply chain transparency (2020 Goal)

preferred over air.

use of sold goods
(Scope 3 emissions)

process

BMW (BMW Group,
2019)

Holistic approach
(production to recycling,
carbon emissions,
renewable energy,
e-mobility (sustainable
mobility), resource
efficient value creation.
Focus on products
(safety, removing
hazardous materials),
production and
services, and employee
(diversity and
development) and
society (social
responsibility). Scope
1,2, and 3 emissions

Geography

Assessment
Reusing batteries

Design for Recycling,

OECD due diligence
guidance. Responsible
Steel initiative,
Aluminum Stewardship
Initiative (focus on Steel,
Aluminum, Cobalt,
Lithium, Rubber,
Copper, Conflict
Minerals)

Resource efficiency, Water,
Wastewater, Energy, CO, emissions,
NOx, CO, SO,, VOC emissions,
Particulate, Dust

Fuel
consumption/efficiency

End-of-life recovery,
recycling
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TABLE 5 | Sustainability assessment in industry; compared against effectiveness metrics (partially adapted from Joung et al., 2013).

Assessment Criteria

Environmental Economic Social
Socio-economic*
Industry Material Energy use Water use Land use R bl GHG emi: VOC emissions Use of recycled Waste Operator’s Community
restriction energy use material reduction health and impact
safety
Nike Inc. v v v -NA- v v v ' v '
73% product 32 bn water 75% sourced manufacturing 71% Nike Grind 5% per unit key
styles use saved by from own Decreased (footwear), 39%  operation. 99.9%
recycled sourcing operated facilities  (25%/Unit recycled footwear
materials sustainable operation 18% polyester manufacturing
cotton. Twenty compared to (clothing), 6.4 bn  waste was
percent reduction FY2011 in 2015) number recycled recycled in FY18,
in textile dyeing plastic bottles 68% suppliers
used in products  Bronze rated
FY2015
Apple Inc. v v v -NA- v v v v v
Risk assessment  64% less 100% global 466,000 metric 60% paper for 100% supplier
using consumed facilities tons CO, packaging, 100% adopted safer
GreenScreen®, (manufacturing) emissions recycled cleaners and
replaced prevented in aluminum casing degreasers
hazardous power supply chain for MacBook Air
cord materials and Mac Mini
(PVC, phthalates
etc.), safer
alternatives for
cables and
headphones.
Eliminated
mercury,
beryllium, lead
(from display
glass and solder),
and arsenic (from
display glass)
Dell v v v -NA- v v v v v v
Hg, BFR's, PVC, Renewable 41% 20% reduction 100% in facilities, 25% reduction 81% paper for 20% reduced PVC free
DIBP, DBP, of total 50% of total (compared to Packaging, 100 (compared to products
PAH’s, BBP etc., (Purchase), Goal: energy FY13-14) million pounds of FY13-14)
Audits for Reduce Energy recycled-content
high-risk intensity by 50%. plastic used in
materials 100% renewable products
energy in
facilities.
BMW v v v -NA- v v v v v v
Based on legal 40% less (base  28% less; 2.32 87% (9% 71% less (base  0.85 kg/vehicle 78% less (waste Accident
requirements year 2006); 2.04  m3/vehicle increase as year 2006); 0.30  produced for disposal), frequency (3.5%),
MWh/vehicle compared to tons/vehicle 66% less solvent Sickness rate
2018) emissions; 4.09 (5%)

Kg/vehicle
produced

*Refers to Socio-Economic considerations leading to economic benefits (either to company and eventually to consumer).
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and various material-chemical interactions while evaluating CE
scenarios (Fantke and Illner, 2019).

Further, integrating environmental footprint methodologies
with the local/regional and global planetary boundaries (PB)
is vital to assess human activities performance relative to
environmental thresholds (Fang et al, 2015). An increased
interest in the absolute environmental sustainability assessment
(AESA) for positive decoupling of environmental impacts and
economic growth can be observed in the literature (Bjorn et al.,
2020a). Previous work on absolute SA includes determining
planetary for industries in a particular region (Zhang et al., 2022),
individual industries (Kara et al., 2018; Moshrefi et al., 2019),
industry networks (Samaroo et al., 2020), and socio-ecological
systems (Hossain et al., 2017). These studies are a good starting
point to develop SA methods for different geographies and
industrial sectors integrating local and global pollution limits.

The challenges associated with the data requirements for
the pathways for effectiveness discussed above are crucial
to overcome. The challenges involve data variability, user
behavior, and interconnections among sustainability dimensions
(Brundage et al., 2018). Big data analytics and deep learning could
play a crucial role in guiding decision-making for SM in the era
of industry 4.0 (Lee et al., 2019).

Aggregated metrics from multiple manufacturing levels and
dedicated tools for each level must be collectively employed
for a comprehensive and effective SA (Herrmann et al,
2014, 2015). “Positive impact factories” aim to effectively
contribute to positive social and environmental impacts instead
of doing “less bad” (efficiency-based approach) by incorporating
interdependencies in the elements in the industry environment
(Herrmann et al., 2015). Industry 4.0 has a huge potential for
contributing to SM through data collection, improved working
conditions and operator’s health, energy efficiency, and enabling
circular economy by systems integration and use of additive
manufacturing technology (Sartal et al, 2020). Blockchains
technology could enhance the traceability of products by
operationalizing product service systems (PSS) and CE. In
addition, material substitution strategies such as chemical
alternatives assessment (Lavoie et al., 2010; Fantke et al., 2020)
could aid performance assessment for alternative materials for
effective decision-making and results.

From an implementation/operational point of view, multiple
barriers limit the adoption of SA practice in the manufacturing
industry. Adopting a SA framework depends on the time and
resources (data, skills, and financial) required for conducting
the assessment. The barriers/challenges vary across the size of
manufacturing enterprises due to their financial constraints.
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