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ABSTRACT

In response to concerns about depleting natural resources, organisations are developing eco-friendly
products and services. This study examines the role of manufacturing industries and services in sustain-
able resource utilisation, focusing on the Micro, Small, Medium Enterprises (MSME) sector, a significant
contributor to global Gross Domestic Product (GDP). Using Life Cycle Assessment (LCA) methodology, the
research identifies hotspots within the production processes of three companies manufacturing bath-
room fittings, specifically the ‘Wall mixer’ component used in households and hotels. The study calculates
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1. Introduction

Currently, the manufacturing sector is witnessing robust
demand for sustainability. Manufacturers have adopted
diverse strategies to align with these demands, leading to
varying recommended practices across different countries.
To thrive in today’s competitive environment, industries,
regardless of their scale, must demonstrate innovation despite
their limited resources. This challenge is particularly pro-
nounced for Small and Medium-sized Enterprises (SMEs)
that face resource constraints in driving innovation, enhancing
their products or processes, and achieving environmentally
responsible outcomes. The significance of SMEs cannot be
underestimated, as their sheer numbers necessitate an under-
standing of their ecological footprint to chart a course towards
global sustainability. To formulate effective guidelines for
reducing greenhouse gas (GHG) emissions, it is crucial to
comprehensively understand the environmental impacts

associated with existing manufacturing activities. Over the
past two decades, environmental pressure has escalated across
nations, resulting in the formulation of new international
protocols. Consequently, the public sector and major corpo-
rate entities are increasingly integrating public and ecological
responsibility into their structures, strategies, and governance
frameworks to ensure sustainability (Giovannoni and
Giacomo 2013; Knot, Van den Ende, and Vergragt 2001).
Concurrently, prominent global institutions, governmental
policymakers, and academic researchers have intensified their
emphasis on environmental and social sustainability to main-
tain ecological equilibrium. Recognising that isolated efforts
are inadequate for achieving sustainable development,
a collaborative approach is imperative across various dimen-
sions, including social, economic, ecological, and monetary
aspects. Recent studies underscore the multifaceted nature of
sustainability, highlighting that any viable sustainable state
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arises from interactions among organisations, individuals,
societies, and states (Gray 2010; Jagtap et al. 2023). In an era
marked by finite resources and persistent environmental
impacts, the imperative for a more sustainable lifestyle
becomes evident (Jitender and Sarkar 2017; Ljungberg 2007).
The concept of sustainability gained prominence in the late
1990s, gradually shifting its focus from ecological concerns to
encompassing broader sustainability objectives. Coined by the
Brundtland Commission in 1987, the term ‘sustainability’ has
become commonplace among policymakers, researchers, and
non-governmental organisations (NGOs) (Jitender and Sarkar
2017; Robert and Patten 1995; Virtanen, Siragusa, and
Guttorm 2020). Sustainability is now incorporated into every
assignment of corporate statements (Jitender and Sarkar
2017). Thus, sustainable evolution is an evolution that encoun-
ters the requirements of the existing time without negotiating
the facility of upcoming future generation to fulfil their perso-
nal needs (Cassen 1987; Jitender and Sarkar 2017; Sankar et al.
2024). The concept of sustainable development is intricately
linked to various critical concerns, including equity, poverty
alleviation, population control, safety, and environmental pre-
servation. Broadly speaking, sustainable development is cate-
gorised into three dimensions: economic (profit), social
(people), and environmental (the planet). When pursuing
sustainable development, adopting a holistic perspective on
product growth involves considering the entire lifecycle of
the object and its influence across its stages, encompassing
strategy, production, usage, and the final phase. This compre-
hensive approach is encapsulated by the concept of Triple
Bottom Line (TBL) (Reinout, Huppes, and Guinée 2010).

The TBL is a transformative concept that promotes envir-
onmentally conscious practices by integrating social and eco-
nomic considerations (Jayasinghe, Liyanage, and Baillie 2021;
Lee and Mao 2015). It establishes a structured framework for
evaluating an organisation’s overall performance and its con-
tributions through environmental, social, and economic
dimensions (Defalque et al. 2021). Often referred to as
a practical model for sustainability, the TBL framework places
consistent and balanced emphasis on the social, economic, and
environmental values that institutions bring forth (Okumura,
Tasaki, and Moriguchi 2014; Ongwandee et al. 2020).
Consequently, rigorous evaluation is essential for each stage
of a product’s lifecycle to gauge the sustainability of its man-
ufacturing phases. This evaluation can be conducted either in
a cradle-to-grave, cradle-to-gate, or gate-to-gate manner as
part of the Life Cycle Assessment (LCA) of a product.
Throughout this assessment, experts relied on tools and meth-
odologies to ensure accuracy. It’s vital to note that even minor
adjustments or errors can yield significant consequences, such
as the impact of raw materials on electricity consumption
during the manufacturing cycle, the leftover materials post-
production, and the ultimate phase of a product’s life cycle
(Clark et al. 2009).

Life Cycle Assessment (LCA) framework: The LCA frame-
work, as depicted in Figure 1, adheres to the guidelines
outlined in ISO 14,040 (Reinout, Huppes, and Guinée
2010). It commences with the ‘goal and scope definition’
phase, where practical measurement units and physical
boundaries of the assessment are established (Wencke,
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Figure 1. LCA as per I1SO 14,040 (Reinout, Huppes, and Guinée 2010).

Reisch, and Thegersen 2020). The foundation of comparison
for different products or services, known as the ‘functional
unit’, is crucially defined for analysis. Subsequently, during
the ‘inventory analysis’ stage, the ‘inputs and outputs’ of
resources and energy across the entire lifecycle of
a manufactured item were identified. This includes the uti-
lisation of raw materials and release of substances into the
environment. By utilising these data, a comprehensive model
of the resource inputs and outputs for the system can be
formulated. In the phase of ‘impact assessment’, the conse-
quences stemming from the utilisation of resources and the
emissions generated are aggregated and quantified in terms
of environmental impacts for the product or service. During
the ‘interpretation’ phase, the outcomes are explained in
more detail. Furthermore, this phase entails a scientific eva-
luation of the necessity and opportunities to mitigate the
environmental impacts of products or services (Damtoft
et al. 2008).

The process of assessing the environmental impacts of
a product, process, or service throughout its entire life cycle
is known as life cycle assessment (LCA). This encompasses the
procurement of raw materials, manufacturing, consumption,
and recycling or disposal.

Goal and Scope Definition: In this phase, the assessment’s
objectives, the boundaries of the system under study, and the
functional unit - used to compare different processes or pro-
ducts - are defined (Cherubini et al. 2015).

Life Cycle Inventory (LCI): During this phase, data on all
inputs (materials, energy, etc.) and outputs (waste, emissions,
etc.) associated with every stage of the product’s life cycle are
collected (Brondani et al. 2020).

Life Cycle Impact Assessment (LCIA): Here, potential envir-
onmental impacts such as greenhouse gas emissions, resource
depletion, or water pollution are calculated based on the
inventory data. Various impact categories are considered
using environmental indicators.

Interpretation: The findings from the impact assessment are
analysed and evaluated in relation to the established scope and
objectives. This process may include sensitivity analysis,
uncertainty evaluation, and comparison with other scenarios
or products.



Initially, LCA was predominantly applied within the
manufacturing sector (Kaliyan, Sengupta, and Poovazhagan
2018). However, over time, researchers have expanded its
use to various other domains, including supply chain man-
agement (Lamba and Prakash Singh 2018), food and bever-
age industries (Sharma et al. 2018), civil construction (Ding
2008), and product design (Clark et al. 2009). LCA is mainly
implemented in manufacturing to reduce radiation or car-
bon emissions, covering the entire lifecycle of
a manufactured product. LCA aims to comprehensively
identify all inputs involved in the manufacturing process,
starting from raw material acquisition to product end-of-life.
It considers not only virgin material flows but also fuel and
electricity consumption during production (Reinout,
Huppes, and Guinée 2010). This approach encompasses all
production stages, from resource extraction and treatment
to distribution, usage, and post-consumer handling like
recycling and disposal. Throughout each stage, material
and energy flows are meticulously tracked to inform deci-
sions at corporate and strategic levels (Vivanco et al. 2022).
Despite its limitations, LCA plays a crucial role in informed
decision-making in policymaking and business contexts
(Béackstrand 2003; Mccool and Stankey 2004).

Furthermore, LCA has been applied to assess specific
domains such as urban agriculture (Ang, Ng, and Pham
2013), optimal municipal solid waste management systems
(Feo De and Malvano 2009), gas emissions from metallurgical
processes and salt removal from wastewater (Bogacka et al.
2022), and alternatives to plastic bags (Gémez and Serna
Escobar 2022).

1.1. Applications of LCA

LCA has also been conducted to detect key environmental
hotspots and study the ecological effects of a biochar-soil
system (Mufoz et al. 2017). Energy analysis was conducted
in the UK steel sector in 1994, showing that process
enhancements and improved reprocessing within the life
cycle can reduce energy intake (Michaelis, Jackson, and
Clift 1998). According to Monteleone (2015), LCA plays
an important role in improving household boilers in the
UK, addressing particulate matter issues. Ingarao (2011)
provided guidelines for evaluating technologies in sheet
metal-forming industries, highlighting their savings, advan-
tages, and disadvantages. Energy analysis was also con-
ducted in 1994 in the UK steel sector, and studies have
shown that process enhancement and improved reproces-
sing within the life cycle will reduce the energy intake
(Michaelis, Jackson, and Clift 1998). Soares (2013) used
LCA to assess healthcare waste systems at different stages
using autoclave, microwave, and lime techniques. LCA tech-
niques have also been used to evaluate the environmental
performance and energy efficiency of buildings (Ingrao
et al. 2018), integrating with life cycle cost analysis to assess
impacts on both the environment and building economics
(Kun et al. 2021). Similarly, to enhance the ecological effects
of farming activities like milk and rice production in the
European Union, the Dutch government introduced numer-
ous ecological strategies (Liu and Savenije 2008; Thomassen
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et al. 2008). In LCA, analysts identify gate-to-gate processes
with high consumption of energy, water, and raw materials
compared to others, seeking alternatives to reduce resource
consumption or CO, emissions. However, reducing con-
sumption or emissions may be limited in processes where
levels are significantly high compared to others. In recent
years, LCA has become a universally accepted tool, widely
used in the farming sector to calculate ecological effects and
identify hotspots (Ziegler and Valentinsson 2008). For
instance, comparing organic and conventional farming sys-
tems helps identify significant areas for reducing carbon
emissions and increasing productivity (Boone et al. 2019).
A case study on milk production assessed hotspots of
organic versus conventional processes using off-farm cra-
dle-to-grave LCA to evaluate environmental impacts
(Thomassen et al. 2008).

The primary objective of this research is to mitigate CO,
equivalent emissions through LCA implementation. This
study focuses on micro, small, and medium-sized industries,
which contribute approximately 41.2% to global GDP.
Specifically, the study examines gate-to-gate processes within
the manufacturing realm of these industries.

The investigation centres on three companies producing
identical components and products with similar designs.
However, it’s important to acknowledge the limitations of the
LCA approach. While it quantifies CO, equivalent emissions
effectively, it doesn’t inherently reveal which manufacturing
processes have the greatest potential to reduce these emissions
substantially. This is because assessing CO, equivalent emis-
sions alone doesn’t show whether processes with higher initial
emissions can achieve greater reductions compared to pro-
cesses with lower initial emissions.

2. Aim and methodology

Unlike many previous studies that have primarily focused on
identifying energy consumption and emissions, this current
research endeavours to take a more comprehensive approach.
The aim is to employ LCA to uncover environmental hotspots,
enabling business enterprises to pinpoint key areas for poten-
tial improvements. This includes immediate reductions in
excessive energy consumption and CO2 equivalent emissions,
while also optimising the allocation of resources. The practical
outcomes of this research are significant as they encompass
a reduced carbon footprint for products, diminished reliance
on virgin resources and energy consumption, minimised
resource wastage, and enhanced fiscal gains. In this study,
the focus is on three manufacturers within the ‘bathroom
fittings and sanitary’ sector, all producing identical products
featuring similar components such as water taps, wall mixers,
nozzle sprays, and jets. The specific focus centres on the ‘wall
mixer’ component, and this analysis entails a thorough exam-
ination of raw material consumption, energy utilisation, and
greenhouse gas emissions throughout each stage of its lifecycle.

Procedure: The procedure unfolds with the utilisation of
Equation 1, where the average CO, equivalent values for each
gate-to-gate process undertaken by the three distinct compa-
nies are calculated.
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Subsequently, analogous emissions from the subsequent pro-
duction stages of the same component produced individually
by these three companies were compared (Section 4-5). This
comparison yields normalising values, which in turn aid in
deriving the average CO, equivalent emissions. Variations in
CO, equivalent releases and power usage are then determined
for each manufacturing phase in comparison to the minimum
and average values for the same process across all manufactur-
ing industries. This process establishes a provisional bench-
mark and designates the points with significant deviations as
potential hotspots. Hotspots are categorised systematically for
each manufacturing process, both within individual compa-
nies and collectively. An actionable framework emerges for
firms with limited resources (time, personnel, and finances)
to address and reduce CO, equivalent emissions. They are
advised to prioritise addressing the first identified hotspot,
followed by subsequent ones. This strategic progression offers
a methodical approach for firms to efficiently manage their
efforts towards emissions reduction.

3. Life cycle impact assessment (LCIA) (collection and
examination of data)

Information from three different bath fitting firms, labelled as
‘A’, ‘B, and ‘C’, has been organised systematically. All three
firms fall under the category of Micro, Small & Medium
Enterprises (MSME). Initially, official permission was
obtained from these companies to gather data for this research,
focusing on the components manufactured by all three firms.
One such component is the “‘Wall Tap Mixer 33,420’, illu-
strated in Figure 2, primarily used for mixing warm and cold
water. A comprehensive data collection process was conducted
involving these three MSMEs in the bath fitting industry (firms
‘A’, ‘B, and ‘C’), with a specific focus on the standard product,
the ‘Wall Tap Mixer 33,420°. Official approval was obtained
from these businesses to commence the data collection pro-
cess, granting direct access to their operations for recording
purposes. The ‘Wall Tap Mixer 33,420° serves as
a representative element in this research. Thorough data col-
lection methodologies were employed, utilising various tools

Figure 2. Wall tap mixer 33,420 (similar design manufactured by all the three
companies).

and equipment. Events during the manufacturing process were
meticulously recorded using stopwatches, including grinding,
buffing, electroplating, as well as stages such as melting raw
materials in a blast furnace, pouring of materials, machining,
and testing. Cameras were also used to visually record the
various manufacturing stages.

The allocation of raw materials, component weights at
various stages (post-casting, machining, grinding, and electro-
plating), and energy usage for multiple processes were
recorded in great detail. Energy consumption data were calcu-
lated based on machine power ratings (Watt) and operation
times.

In this study, major focus is on the Life Cycle Impact
Assessment (LCIA), specifically concentrating on power
usage for several reasons, notably due to resource scarcity
and the significant environmental impact of energy use in
manufacturing industries. Understanding a product’s usage,
transportation, end-of-life disposal, and other life cycle stages
is essential for a thorough LCIA. However, this comprehensive
method requires significant investments of time, money, and
reliable data sources, which may not always be readily avail-
able. Constraints on time, money, and data availability often
limit the scope of an LCIA. Given that energy consumption has
a significant influence on greenhouse gas emissions, prioritis-
ing it as a critical environmental indicator in this study makes
sense. Electricity usage in India, where coal-fired power plants
contribute significantly to electricity production, directly con-
tributes to carbon emissions, a serious environmental concern.
Evaluating electricity usage, a crucial component of manufac-
turing processes, provides valuable insights into environmen-
tal sustainability. Compared to comprehensive data on other
environmental impacts, detailed statistics on energy use are
often more accessible and reliable. Focusing the LCIA frame-
work on electricity usage may be greatly influenced by this
accessibility factor. Additionally, aligning the research with
broader environmental objectives, the study may specifically
concentrate on energy efficiency or reducing carbon footprint.
By focusing solely on electricity usage, the study can offer
targeted recommendations and actions related to energy effi-
ciency measures in manufacturing, thus supporting overall
sustainability objectives. The LCIA methodology selected also
helps focus attention on specific impact categories. Some LCIA
frameworks and tools emphasise energy-related effects due to
their importance to the environment and regulatory concerns.
Therefore, prioritising electricity usage aligns with broader
environmental goals and methodological considerations.

Although the research team intended to use a FlukeTM
energy metre for accuracy, difficulties arose because some of
the machines had hidden electrical connections. Due to the
temporary interruption of the production process, the research
team estimated energy consumption by combining machine
power ratings and operation durations. No details were over-
looked during the data collection process, including careful
observation of each manufacturing step, which involved mon-
itoring water, sand, and material usage. Following this method
of data collection, a summary of the information gathered
from the three bath fitting companies, ‘A’, ‘B’, and ‘C, is
shown in Table 1. The motor specifications of each machine
provided power ratings, which were used to calculate power
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Table 1. Power consumption and CO, equiv. For manufacturing of component of ‘A’, ‘B’, and ‘C’ bath fitting companies.

Process Steps Power ratings (kW) Duration (min.) Power consum. (kWh) CO, equivalent (kg)
A B C A B C A B C A B C
Core making Simple sand core 1 1 1 8 7 10 0.13 0.12 0.17 033 0.1 0.16
Resin sand core 3.03 2.1 3.04 1 1 1 0.05 0.03 0.05 0.05 0.03 0.05
Total 4.03 31 4.04 9 8 n 0.18 0.15 0.22 0.18 0.15 0.21
Casting Melting of raw material 40 285.17 40 1 1 1 0.67 4.75 0.67 065 1393 0.65
Pouring of material 60 60 1 1 1 1 0.98 0.98
Decoring Fettling 3.73 0 298 60 0 60 3.73 0 298 365 0 292
machine
Total 103.73  285.17 102.98 62 1 62 54 4.75 4.65 529 1393 456
Rough grinding  Belt grinding 3.73 15 3.73 1 2 1 0.06 0.05 006 006 005 0.06
Machining Lathe 3.73 224 3.73 6 5 6 0.37 0.19 037 037 018 037
Capstan 5.96 597 597 2 1 1 0.2 0.09 0.1 0.19 0.1 0.1
Testing Leakage testing 3.73 2.24 3.8 2 2 1 0.12 0.07 0.06 0.12 0.07 0.06
Grinding Flat belt grinder 3.73 2.24 3.8 10 8 10 0.62 0.3 0.62 0.61 0.6 0.61
Polishing Buff grinder 2.24 2.24 3 5 5 4 0.19 0.19 0.2 0.18 0.18 0.19
Total 23.12 16.41 2.98 26 23 4 1.57 0.88 0.2 1.53 1.18 0.19
Electroplating Sk-40 + water 1 2 2 0.08 0.08 0.08 0 0 0 0 0 0
NiS + Ni-Cl + boric acid + Brighter 1.49 4 4 20 20 20 0.5 133 133 0.49 131 1.31
EC-94 + water 1 1 1 0.08 0.08 0.8 0 0 0 0 0 0
cleaning 0 1 0.5 0 0.08 0.08 0 0 0 0 0 0
Total 3.49 8 7.5 20 20.08 20.08 0.5 1 133 0.48 1.31 1.31
Packaging L D Bags 0 0 0 0 0 0 0 0 0 0 0 0
Polythene 0 0 0 0 0 0 0 0 0 0 0 0
Total 0 0 0 0 0 0 0 0 0 0
Total 109.36 312,67 108.38 709 1626 7.67

consumption by multiplying the motor rating by the length of
each operation. The average CO, emissions produced during
one kilowatt-hour (kWh) of electrical energy were used to
calculate CO, emissions. According to Mittal & Sharma
(2014), this translates to roughly 0.98 kg of CO, per kWh in
the Indian context.

Table 1 presents a comprehensive overview of electricity
consumption data across various manufacturing phases for
companies producing the same product. Interestingly, despite
all three industries adhering rigorously to an identical manu-
facturing process for the 33240 Wall Mixer’ component, there
emerges a discernible process-level differentiation. This dis-
crepancy manifests in the varying amounts of electricity or
power used by each company. Consequently, the assumption
that identical manufacturing processes yield identical CO,
equivalents or carbon emissions is incorrect. In this study,
the primary research focus is on identifying a targeted
approach to gauge the efficiency of each industry’s manufac-
turing process relative to the other two. Ideally, all three
companies should be capable of achieving the minimum CO,
equivalent value for every phase of the product’s lifecycle.
However, this goal remains unattained due to inherent
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and water

Emission to air
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Figure 3. System boundary for cradle-to-grave analysis.
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challenges and the resource-intensive nature of the endeavour.
Consequently, the concept of average difference in calculations
is employed, wherein CO, emissions from one industry are
evaluated relative to the average carbon emissions of other
industries, excluding the industry under analysis (as outlined
in Equation 1). Table 1 highlights the existence of process-level
disparities. Although all three companies adopt the same man-
ufacturing process for identical components, their electricity
consumption varies significantly, resulting in distinct CO,
equivalents. The calculations for energy consumption were
based on operational durations and power ratings of machines
in watts. During this study, the primary objective is to uncover
the efficiency differentials between each industry’s manufac-
turing processes compared to the other two. To elucidate the
collected data more comprehensively, the data was visually
represented through three distinctive figures, namely Figures
3,4, and 5. Each figure employs bar graphs to vividly illustrate
the CO, emissions associated with every manufacturing
process.

Figure 4 depicts the manufacturing process of company ‘A’.
Within this company, the fettling machine stands out as the
process that consumes the maximum amount of energy and
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Figure 6. A CO, equivalent emission and energy consumption related to company C.

melting raw materials, and the flat belt grinder machine also
contribute significantly to energy consumption and CO, emis-
sions, emitting 0.98 kg, 0.65 kg, and 0.61 kg of CO, equivalent,
respectively.

emits the highest amount of CO, equivalent (3.65 kg), parti-
cularly after the pouring and melting of raw materials, which is
the initial stage with the highest energy consumption.
Additionally, the pouring material machine, the process of



Figure 5 illustrates the manufacturing process analysis of
company ‘B’. In this company, the pouring and melting of
materials (casting process) consumes the maximum quantity
of power and also emits the highest quantity of CO, (13.93 kg).
This is followed by the nickel-chrome plating process and
cleaning stages, which also contribute significantly to energy
consumption and CO, emissions, emitting 1.31 kg and 0.60 kg
of CO,, respectively, during the manufacturing process.

Similarly, Figure 6 shows the manufacturing process of
company ‘C’. In this company, the fettling machine consumes
the highest amount of energy and emits the highest amount of
CO; (2.92kg). Subsequently, in the electroplating section,
nickel plating consumes the highest energy and produces
1.31 kg of CO,. Additionally, the melting and pouring of raw
materials consume the third-highest amount of energy and
emit 0.65 kg and 0.98 kg of CO,, respectively. The flat-belt
grinder machine also contributes significantly to energy con-
sumption. From Table 1, it is observed that each company
consumes a different amount of electricity during the manu-
facturing of the same product. In fact, there is a process-level
difference; although all the firms follow the same process to
manufacture the same component, they use different amounts
of electricity. Consequently, CO, equivalent emissions also
vary accordingly.

4. Results and discussion

Table 1 demonstrates that the electricity consumption during
the manufacturing of the same product varies across different
companies. Indeed, there is a process-level difference; despite
all three companies following the same manufacturing process
for the same component, they use varying amounts of electri-
city. Consequently, the resulting CO, equivalent emissions
also differ. The next objective is to determine how efficiently
each company utilises its resources. Ideally, all companies
should be able to achieve the minimum greenhouse gas
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(GHG) value for each stage; however, this may be challenging
and resource-intensive. Therefore, the concept of average dif-
ference is utilised in calculations. The emissions generated by
each industry are measured relative to the average of others,
excluding the company being analysed (as per Equation 1).
The accuracy of predictions and benchmarks relies heavily
on the quality and accuracy of the data. Additionally, when
dealing with an unknown company, collaboration and data
sharing with that company can enhance the accuracy of pre-
dictions and the effectiveness of benchmarking techniques.

X
i T
- {=)

X

XjAvg.- =

Where Xjay,., Xj, and n are ‘average value of CO, equivalent
emission of different process’, ‘value of carbon emission of
a process’ and ‘number of processes’, respectively.

Using Equation 1, the score for each phase of the life cycle
for every small-scale manufacturing company was quantified.
On this basis, a score was generated, and each process was
arranged as shown in Table 2 and Figure 5. Thus, the assess-
ment aims to evaluate how each company performs relative to
others during the phase of the life cycle or stage of manufac-
turing of a component. Here, a ‘Wall mixer 32,850’ is consid-
ered for this study.

Table 2. GHGs emission for manufacturing of component by ‘A’, ‘B’, and ‘C’ bath
fitting companies.

CO, equivalent (kg) for each process

Process A B C

Core making 00.00 —-30.00 21.43
Casting —74.76 64.64 -110.74
Machining 55.22 27.11 -6.13

Electroplating -172.91 91.98 91.98
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Figure 7. GHGs for manufacturing of component by “A”, “B”, and “C” bath fitting.
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Table 3. Manufacturing processes according to highest probability to reduce CO,
equivalent (hotspot) in descending order.

Company Process Hotspots
B Electroplating 91.98
C Electroplating 91.98
B Casting 64.64
A Machining 55.22
C Machining 27.11
C Core making 21.42
A Core making 0

C Machining —6.13
B Core making —-30.00
A Casting —74.76
C Casting -110.74
A Electroplating -172.91

For example, a company ‘C’ received 21.43 score in core
making by using Equation 1 as: X;=0.21, >~ X;=0.54, n=3
and Xj,,., = 21.43 Figure 7 shows a represefitation of the data
calculated using Equation 1, and the collection is presented in
Table 2.

In Figure 7, all companies are represented using three
different colours: orange, blue, and grey. From the data pre-
sented, it is evident that in the case of the electroplating
process, company ‘A’ has the lowest carbon emissions com-
pared to the other two companies. Similarly, in the case of the
casting process, only company ‘B’ exhibits high CO, emissions
compared to the other two companies, as illustrated in
Figure 7.

Table 3 presents the arrangement of CO, equivalent emis-
sions in ascending order. After calculating the CO, emissions
using Equation 1, phase-wise information is obtained to iden-
tify opportunities for reducing CO, emissions from each com-
pany. The table highlights a hotspot for each process with
respect to its manufacturing company, as demonstrated in
Table 3. The data from Table 3 are visually presented in
Figure 8.

After analysing each process in the component or product
lifecycle of the three companies, it was discovered that in the
core making process, company ‘C’ consumes a large amount of
energy for core production (using sand core and resin coating)
and emits a substantial volume of GHGs. In contrast, company
‘B> exhibits the lowest energy consumption for this process.
Replacing company ‘C’s core making process with that of
company ‘B’ could lead to significant reductions in CO,
equivalent emissions. Additionally, transitioning from non-
renewable electricity sources to renewable ones is recom-
mended, despite the higher installation costs. These invest-
ments are expected to be recouped within one and a half
years. Utilising pre-coated high-grade resin-coated sand with
a catalyst and phenol-formaldehyde (PF) resin offers several
advantages, including being free-flowing and smooth, provid-
ing strong cores and moulds, and exhibiting high resistance to
peeling and moisture, which contributes to enhanced
sustainability.

In the second process, specifically in the casting process,
company ‘B’ consumes the highest amount of energy and emits
a significant volume of GHGs compared to the other two
companies in the manufacturing process. Instead of using
a coal furnace like company ‘B’, switching to the furnace
used by company ‘A’ could lead to cost savings and boost the
company’s economy. The fuel cost for coal used by company
‘B’ is 13.50 Rupees (0.21 USD), whereas the heating source
used by the other company is electricity, costing 8.85 Rupees
(0.14 USD) for melting the same amount of metal. Although
the initial installation cost of the furnace is high, around $3,
675.00 USD, this investment can be recovered in approxi-
mately 4 to 4.5years. This study also revealed that some
companies use scrap material while others use pure virgin
material for product manufacturing. Melting scrap material
can lead to challenges when contaminants like lead and sul-
phur, already present in the scrap, affect the desired properties

Hotspots

£ 100 91.98  91.98
[}
E 64.64 <o
:"; ¥  — 7
_g 0
g B C B A C C A 66 A
g 50 -30
=
g
&R o0 -74.76
-110.7
-150
-172.91
-200
B o B A C C A C B A C A
B Hotspots | 91.98 | 91.98 | 64.64 | 55.22 | 27.11 | 21.42 0 -6.13 -30 | -74.76 -110.74/-172.91

Manufacturing process

Figure 8. The arrangement of a manufacturing process according to highest probability to reduce CO, equivalent (hotspot).



of the obtained material. This process results in electricity
wastage, GHG emissions, and economic losses.

In the third process, specifically the machining process,
companies ‘A’ and ‘C’ consume the highest amount of energy
and emit a large volume of GHGs. In contrast, company ‘B’
consumes the least amount of energy and emits the lowest
amount of GHGs for the same process. For instance, in the
testing section, both ‘A’ and ‘C’ use 3.73kW of energy for
defect detection, while ‘B’ uses only 2.24 kW. Replacing the
3.73 kW motor with a 2.24 kW one could result in significant
energy savings and reduced emissions. Additionally, consider-
ing a renewable energy source instead of a non-renewable one
for the motor input can further contribute to sustainability.

During  electroplating, company ‘B’  consumes
a considerable amount of energy, wastes water, and emits
GHGs, particularly in the nickel-plating section, compared to
the other two companies. This is attributed to their lack of
awareness of the motor’s power rating required for filtration
and agitation of the nickel solution in the plating tank.
Company ‘B’ also wastes three times more water compared
to ‘A’ and ‘C’. The assembly and packaging sections use
approximately the same amount of manual power and energy.
By applying Equation 1, a sustainability score for each process
of each company was calculated. Based on this score, processes
were ranked and ordered, as shown in Table 2. This ranking
helps identify processes with the highest carbon emissions
(hotspots) for small- and medium-scale industries, as pre-
sented in Table 3. Research indicates that current induction
furnaces can achieve electrical efficiency levels exceeding 97%
(Gandhewar, Bansod, and Borade 2011).

5. Conclusion

Sustainability is a critical consideration for industrial
designers, managers, policymakers, and environmentalists.
Industrial designers and companies are actively seeking
ways to reduce carbon emissions across each phase of
a product’s life cycle. However, achieving reductions in
carbon emissions requires significant resources such as
financial investment, human resources, and time.
Throughout a product’s life cycle, there are various
approaches to mitigate its environmental impact.
However, not all methods are equally effective in reducing
carbon emissions. Some methods may require substantial
natural resource consumption and effort, while others may
be less resource-intensive. Comparing the processes fol-
lowed by different companies manufacturing the same
product can help determine which approaches are more
or less resource-intensive and challenging to implement. In
this study, the focus was on a tap water component man-
ufactured by three different Micro, Small & Medium
Enterprises (MSMEs). This study is unique in its explora-
tion of the MSME sector and involves conducting a life-
cycle assessment to collect data across each stage of the
product’s life cycle. Quantifying CO, emissions for each
life cycle phase allows us to identify areas where achieving
emissions reductions is challenging. With Equation 1, spe-
cific manufacturing stages of the same product produced
by different companies with varying manufacturing
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processes can be compared. This comparison allows us to
understand how much carbon emissions can be reduced by
optimising specific manufacturing processes for each com-
pany. This study involved analysing the life-cycle energy
expenditure for each manufacturing stage of the compo-
nent produced by each company Determined the average
and minimum energy requirements for manufacturing this
component, providing insights into each industry’s perfor-
mance across different manufacturing phases and opportu-
nities for improvement in emission hotspots. This
approach helps identify areas where interventions can
lead to significant reductions in environmental impact.
This study’s potential for benchmarking approaches in life
cycle assessments (LCAs) represents a significant paradigm
shift in sustainability practices, which is one of its major
contributions. Assuming that if one company can practically
manufacture the same component with a less energy-
intensive process in one manufacturing stage, other compa-
nies should also be able to achieve similar efficiencies. A key
contribution of this study is its capacity for benchmarking
techniques in LCA, indicating a potential shift in sustain-
ability practices. By demonstrating how businesses can
implement less energy-intensive procedures to reduce emis-
sions, information exchange and mutual learning among
industry participants are facilitated. Leveraging the experi-
ences of other businesses, this strategy supports organisa-
tions in transitioning to more environmentally friendly
operations by addressing identified hotspots. Through learn-
ing from each other, the aim is to understand how compa-
nies manufacturing the same component using similar
processes can generate fewer emissions, and then recom-
mend adopting these practices to companies with hotspots.
It is believed that adopting such practices will reduce emis-
sions and hotspots, leading to sustainability outcomes with
minimal effort. In conclusion, this research showcases how
sustainability principles can be applied in real-world settings
beyond laboratory environments. While acknowledging the
need for more detailed mechanistic discussions and struc-
tured presentations of results, findings significantly contri-
bute to ongoing discussions on sustainable engineering.

Acknowledgments

Jitender Singh acknowledges the support of the National Institute of
Technology Srinagar for supporting this research, and the Department
of Science & Technology (DST), Government of India, for the Technology
Innovation Hub at the Indian Institute of Technology Ropar in the
framework of the National Mission on Interdisciplinary Cyber-Physical
Systems (NM - ICPS) - AWaDH IIT Ropar.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with the work
featured in this article.



44 (%) J.SINGH ET AL.

Notes on contributors

Jitender Singh currently works at the Design Studio Lab., Indian Institute
of Technology Ropar. Their current project is ‘Study the relation between
aesthetics and product design’.

Sumit Gupta is presently working as an Assistant Professor in the
Department of Mechanical Engineering, Amity School of Engineering
and Technology, Amity University Uttar Pradesh, Noida, India. He grad-
uated in Mechanical Engineering from University of Rajasthan and
earned master’s as well as Doctorate degree from Malaviya National
Institute of Technology-Jaipur, India. Dr. Gupta has over 14 years of
teaching and research experience. He has published over 100 research
papers in peer reviewed international journals as well as in reputed
international and national conferences. His areas of research are sustain-
able manufacturing, lean manufacturing, supply chain management and
smart manufacturing, life cycle assessment (LCA) and sustainable materi-
als. He served as guest editor in IJFST Wiley, Sustainability MDPI and
IJLM Emerald. He is a reviewer of various reputed journals Journal of
Cleaner Production, Business strategy and environment, International
Journal of Productivity and Performance Management, British Food
Journal, Resource policy etc. He is life member of Indian Institute of
Industrial Engineering and Fellow of The Institution of Engineers (India).

Sandeep Jagtap is currently a Senior Lecturer in Logistics and Supply
Chain Management at Lund University, Sweden. His research focuses on
digitalisation, food supply chains, and sustainability. He has over 20 years
of combined experience in industry and academia. He is a fellow of the
Institute of Food Science and Technology and the Higher Education
Academy. He serves on the advisory boards for the International
Journal of Sustainable Engineering (IJSE), Food Science and Technology
(FST), and Logistics MDPI journals. Additionally, he is an Honorary
Associate Editor for the International Journal of Food Science &
Technology (IJFST).

Author Contributions

Conceptualisation, J.S.; methodology, J.S.; software, J.S.; validation, J.S., S.
G. and S.J.; formal analysis, J.S.; investigation, J.S. and S.G.; resources, S.
G.; data curation, J.S.; writing - original draft preparation, J.S.; writing -
review and editing, S.G. and S.J.; visualisation, J.S. and S.G.; supervision, S.
G. and S.J.; project administration, S.J.; funding acquisition, S.J.

Data availability statement

The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

References

Ang, M., K. Ng, and D. Pham. 2013. “Combining the Bees Algorithm and
Shape Grammar to Generate Branded Product Concepts.” Proceedings
of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture 227 (12): 1860-1873. https://doi.org/10.
1177/0954405413494922.

Bickstrand, K. 2003. “Civic Science for Sustainability: Reframing the Role
of Experts, Policy-Makers and Citizens in Environmental
Governance.” Global Environmental Politics 3 (4): 24-41. https://doi.
org/10.1162/152638003322757916.

Bogacka, M., T. Iluk, K. Pikon, M. Sciazko, M. Stec, A. Czaplicki, and
A. Wajda. 2022. “Life Cycle Assessment (LCA) of the Use of
Metallurgical Process Gas for Heat and Electricity, Combined with
Salt Removal from Discarded Water.” Sustainability 14 (3): 1205.
https://doi.org/10.3390/su14031205.

Boone, L., I. Rolddn-Ruiz, V. Van Linden, H. Muylle, and J. Dewulf. 2019.
“Environmental Sustainability of Conventional and Organic Farming:
Accounting for Ecosystem Services in Life Cycle Assessment.” Science
of the Total Environment 695 (December): 133841. https://doi.org/10.
1016/j.scitotenv.2019.133841.

Brondani, M., J. Schumacher De Oliveira, F. Dias Mayer, and
R. Hoffmann. 2020. “Life Cycle Assessment of Distillation Columns
Manufacturing.” Environment, Development and Sustainability 22 (6):
5925-5945. https://doi.org/10.1007/s10668-019-00459-5.

Cassen, R. H. 1987. “Our Common Future: Report of the World
Commission on Environment and Development.” International
Affairs 64 (1): 126-126. https://doi.org/10.2307/2621529.

Cherubini, E., G. Marcelo Zanghelini, R. Augusto Freitas Alvarenga,
D. Franco, and S. Roberto Soares. 2015. “Life Cycle Assessment of
Swine Production in Brazil: A Comparison of Four Manure
Management Systems.” Journal of Cleaner Production 87 (January):
68-77. https://doi.org/10.1016/j.jclepro.2014.10.035.

Clark, G., J. Kosoris, L. Hong, and M. Crul. 2009. “Design for
Sustainability: Current Trends in Sustainable Product Design and
Development.” Sustainability 1 (3): 409-424. https://doi.org/10.3390/
sul030409.

Damtoft, J. S., J. Lukasik, D. Herfort, D. Sorrentino, and E. M. Gartner.
2008. “Sustainable Development and Climate Change Initiatives.”
Cement and Concrete Research 38 (2): 115-127. https://doi.org/10.
1016/j.cemconres.2007.09.008.

Defalque, C. M., F. Augusto Silva Marins, A. F. da Silva, and E. Yanina
Aguirre Rodriguez. 2021. “A Review of Waste Paper Recycling
Networks Focusing on Quantitative Methods and Sustainability.”
Journal of Material Cycles ¢ Waste Management 23 (1): 55-76.
https://doi.org/10.1007/s10163-020-01124-0.

Ding, G. K. C. 2008. “Sustainable Construction—The Role of
Environmental Assessment Tools.” Journal of Environmental
Management 86 (3): 451-464. https://doi.org/10.1016/j.jenvman.2006.
12.025.

Feo De, G., and C. Malvano. 2009. “The Use of LCA in Selecting the Best
MSW Management System.” Waste Management 29 (6): 1901-1915.
https://doi.org/10.1016/j.wasman.2008.12.021.

Gandhewar, V. R., S. V. Bansod, and A. B. Borade. 2011. “Induction
Furnace - a Review.” International Journal of Engineering and
Technology 3 (4): 8.

Giovannoni, E., and F. Giacomo. 2013. “What Is Sustainability? A Review
of the Concept and Its Applications.” In Integrated Reporting, edited by
C. Busco, M. L. Frigo, A. Riccaboni, and P. Quattrone, 21-40. Cham:
Springer International Publishing. https://doi.org/10.1007/978-3-319-
02168-3_2.

Goémez, I. D. L, and A. Serna Escobar. 2022. “The Dilemma of Plastic
Bags and Their Substitutes: A Review on LCA Studies.” Sustainable
Production and Consumption 30 (March): 107-116. https://doi.org/10.
1016/j.spc.2021.11.021.

Gray, R. 2010. “Is Accounting for Sustainability Actually Accounting for
Sustainability ... and How Would We Know? An Exploration of
Narratives of Organisations and the Planet” Accounting,
Organizations & Society 35 (1): 47-62. https://doi.org/10.1016/j.a0s.
2009.04.006.

Ingarao, G., R. Di Lorenzo, and F. Micari. 2011. “Sustainability Issues in
Sheet Metal Forming Processes: An Overview.” Journal of Cleaner
Production 19 (4): 337-347. https://doi.org/10.1016/j.jclepro.2010.10.
005.

Ingrao, C., A. Messineo, R. Beltramo, T. Yigitcanlar, and G. Toppolo. 2018.
“How Can Life Cycle Thinking Support Sustainability of Buildings?
Investigating Life Cycle Assessment Applications for Energy Efficiency
and Environmental Performance.” Journal of Cleaner Production
201 (November): 556-569. https://doi.org/10.1016/j.jclepro.2018.08.
080.

Jagtap, S., H. Trollman, F. Trollman, G. Garcia-Garcia, and
W. Martindale. 2023. “Surviving the Storm: Navigating the
Quadruple Whammy Impact on Europe’s Food Supply Chain.”
International Journal of Food Science ¢ Technology. https://doi.org/
10.1111/ijfs.17106.

Jayasinghe, R., N. Liyanage, and C. Baillie. 2021. “Sustainable Waste
Management Through Eco-Entrepreneurship: An Empirical Study of
Waste Upcycling Eco-Enterprises in Sri Lanka.” Journal of Material
Cycles and Waste Management 23 (2): 557-565. https://doi.org/10.
1007/s10163-020-01140-0.


https://doi.org/10.1177/0954405413494922
https://doi.org/10.1177/0954405413494922
https://doi.org/10.1162/152638003322757916
https://doi.org/10.1162/152638003322757916
https://doi.org/10.3390/su14031205
https://doi.org/10.3390/su14031205
https://doi.org/10.1016/j.scitotenv.2019.133841
https://doi.org/10.1016/j.scitotenv.2019.133841
https://doi.org/10.1007/s10668-019-00459-5
https://doi.org/10.2307/2621529
https://doi.org/10.1016/j.jclepro.2014.10.035
https://doi.org/10.3390/su1030409
https://doi.org/10.3390/su1030409
https://doi.org/10.1016/j.cemconres.2007.09.008
https://doi.org/10.1016/j.cemconres.2007.09.008
https://doi.org/10.1007/s10163-020-01124-0
https://doi.org/10.1007/s10163-020-01124-0
https://doi.org/10.1016/j.jenvman.2006.12.025
https://doi.org/10.1016/j.jenvman.2006.12.025
https://doi.org/10.1016/j.wasman.2008.12.021
https://doi.org/10.1016/j.wasman.2008.12.021
https://doi.org/10.1007/978-3-319-02168-3_2
https://doi.org/10.1007/978-3-319-02168-3_2
https://doi.org/10.1016/j.spc.2021.11.021
https://doi.org/10.1016/j.spc.2021.11.021
https://doi.org/10.1016/j.aos.2009.04.006
https://doi.org/10.1016/j.aos.2009.04.006
https://doi.org/10.1016/j.jclepro.2010.10.005
https://doi.org/10.1016/j.jclepro.2010.10.005
https://doi.org/10.1016/j.jclepro.2018.08.080
https://doi.org/10.1016/j.jclepro.2018.08.080
https://doi.org/10.1111/ijfs.17106
https://doi.org/10.1111/ijfs.17106
https://doi.org/10.1007/s10163-020-01140-0
https://doi.org/10.1007/s10163-020-01140-0

Jitender, and P. Sarkar. 2017. “Reduction of Environmental Impact of
Products Through Hotspot Analysis in LCA.” In Research into Design
for Communities, Volume 2, edited by A. Chakrabarti and
D. Chakrabarti, 153-163. Smart Innovation, Systems and
Technologies. 66. Singapore: Springer Singapore. https://doi.org/10.
1007/978-981-10-3521-0_13.

Kaliyan, M., S. Sengupta, and L. Poovazhagan. 2018. “A Decision Making
Trial and Evaluation Laboratory Approach to Analyse the Challenges
to Environmentally Sustainable Manufacturing in Indian Automobile
Industry.” Sustainable Production and Consumption 16 (October):
58-67. https://doi.org/10.1016/j.spc.2018.05.007.

Knot, J. M. C,, J. C. Van den Ende, and P. J. Vergragt. 2001. “Flexibility
Strategies for Sustainable Technology Development.” Technovation
21 (6): 335-343. https://doi.org/10.1016/S0166-4972(00)00049-3.

Kun, L., X. Jiang, J. Yu, V. W. Y. Tam, and M. Skitmore. 2021.
“Integration of Life Cycle Assessment and Life Cycle Cost Using
Building Information Modeling: A Critical Review.” Journal of
Cleaner Production 285 (February): 125438. https://doi.org/10.1016/j.
jclepro.2020.125438.

Lamba, K., and S. Prakash Singh. 2018. “Modeling Big Data Enablers for
Operations and Supply Chain Management.” The International
Journal of Logistics Management 29 (2): 629-658. https://doi.org/10.
1108/1JLM-07-2017-0183.

Lee, Y.-C., and P.-C. Mao. 2015. “Survivors of Organizational Change:
A Resource Perspective.” Business and Management Studies 1 (2): 1.
https://doi.org/10.11114/bms.v1i2.692.

Liu, J., and H. H. G. Savenije. 2008. “Food Consumption Patterns and
Their Effect on Water Requirement in China.” Hydrology and Earth
System Sciences 12 (3): 887-898. https://doi.org/10.5194/hess-12-887-
2008.

Ljungberg, L. Y. 2007. “Materials Selection and Design for Development
of Sustainable Products.” Materials ¢ Design 28 (2): 466-479. https://
doi.org/10.1016/j.matdes.2005.09.006.

Mccool, S. F., and G. H. Stankey. 2004. “Indicators of Sustainability:
Challenges and Opportunities at the Interface of Science and Policy.”
Environmental Management 33 (3): 294-305. https://doi.org/10.1007/
500267-003-0084-4.

Michaelis, P., T. Jackson, and R. Clift. 1998. “Exergy Analysis of the Life
Cycle of Steel.” Energy 23 (3): 213-220. https://doi.org/10.1016/S0360-
5442(97)00081-9.

Mittal, M. L., C. Sharma, and R. Singh. 2014. “Decadal Emission Estimates
of Carbon Dioxide, Sulfur Dioxide, and Nitric Oxide Emissions from
Coal Burning in Electric Power Generation Plants in India.”
Environment Monitoring Assess 186:6857-6866. https://doi.org/10.
1007/510661-014-3894-3.

Monteleone, B., M. Chiesa, R. Marzuoli, V. K. Verma, M. Schwarz,
E. Carlon, C. Schmidl, and A. Ballarin Denti. 2015. “Life Cycle
Analysis of Small Scale Pellet Boilers Characterized by High
Efficiency and Low Emissions.” Applied Energy 155 (October):
160-170. https://doi.org/10.1016/j.apenergy.2015.05.089.

Muioz, E., G. Curaqueo, M. Cea, L. Vera, and R. Navia. 2017.
“Environmental Hotspots in the Life Cycle of a Biochar-Soil System.”
Journal of Cleaner Production 158 (August): 1-7. https://doi.org/10.
1016/j.jclepro.2017.04.163.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENGINEERING ‘ 45

Okumura, S., T. Tasaki, and Y. Moriguchi. 2014. “Economic Growth and
Trends of Municipal Waste Treatment Options in Asian Countries.”
Journal of Material Cycles and Waste Management 16 (2): 335-346.
https://doi.org/10.1007/s10163-013-0195-9.

Ongwandee, M., K. Namepol, K. Yongprapat, S. Homwuttiwong,
A. Pattiya, J. Morris, and O. Chavalparit. 2020. “Coal Bottom Ash
Use in Traditional Ceramic Production: Evaluation of Engineering
Properties and Indoor Air Pollution Removal Ability.” Journal of
Material Cycles and Waste Management 22 (6): 2118-2129. https://
doi.org/10.1007/s10163-020-01096-1.

Reinout, H., G. Huppes, and J. B. Guinée. 2010. “Life Cycle Assessment
and Sustainability Analysis of Products, Materials and Technologies.
Toward a Scientific Framework for Sustainability Life Cycle Analysis.”
Polymer Degradation and Stability 95 (3): 422-428. https://doi.org/10.
1016/j.polymdegradstab.2009.11.010.

Robert, C., and B. C. Patten. 1995. “Defining and Predicting
Sustainability.” Ecological Economics 15 (3): 193-196. https://doi.org/
10.1016/0921-8009(95)00048-8.

Sankar, M. S., S. G. Kiran, S. Luthra, A. Kumar, S. Jagtap, and
A. Samadhiya. 2024. “Empowering Sustainable Manufacturing:
Unleashing Digital Innovation in Spool Fabrication Industries.”
Heliyon 10 (9): €29994. https://doi.org/10.1016/j.heliyon.2024.e29994.

Sharma, Y. K., S. Kumar Mangla, P. P. Patil, and S. Uniyal. 2018.
“Sustainable Food Supply Chain Management Implementation Using
DEMATEL Approach.” In Advances in Health and Environment
Safety, edited by N. A. Siddiqui, S. M. Tauseef, and K. Bansal,
115-125. Singapore: Springer Singapore.

Soares, S. R., A. R. Finotti, V. Prudéncio da Silva, and R. A. F. Alvarenga
2013. “Applications of Life Cycle Assessment and Cost Analysis in
Health Care Waste Management.” Waste Manag 33:175-183. https://
doi.org/10.1016/j.wasman.2012.09.021.

Thomassen, M. A., K. J. Van Calker, M. C. J. Smits, G. L. Iepema, and
I. J. M. De Boer. 2008. “Life Cycle Assessment of Conventional and
Organic Milk Production in the Netherlands.” Agricultural Systems
96 (1-3): 95-107. https://doi.org/10.1016/j.agsy.2007.06.001.

Virtanen, P. K,, L. Siragusa, and H. Guttorm. 2020. “Introduction: Toward
More Inclusive Definitions of Sustainability.” Current Opinion in
Environmental Sustainability 43 (April): 77-82. https://doi.org/10.
1016/j.cosust.2020.04.003.

Vivanco, F., J. F. David, R. Galvin, T. Santarius, H. Jakob Walnum,
T. Makov, and S. Sala. 2022. “Rebound Effect and Sustainability
Science: A Review.” Journal of Industrial Ecology 26 (4): 1543-1563.
https://doi.org/10.1111/jiec.13295.

Wencke, G., L. A. Reisch, and J. Thegersen. 2020. “Behaviour Change for
Sustainable Consumption.” Journal of Consumer Policy 43 (2):
249-253. https://doi.org/10.1007/s10603-020-09455-z.

Ziegler, F., and D. Valentinsson. 2008. “Environmental Life Cycle
Assessment of Norway Lobster (Nephrops Norvegicus) Caught
Along the Swedish West Coast by Creels and Conventional Trawls—
LCA Methodology with Case Study.” The International Journal of Life
Cycle Assessment 13 (6): 487-497. https://doi.org/10.1007/s11367-008-
0024-x.


https://doi.org/10.1007/978-981-10-3521-0_13
https://doi.org/10.1007/978-981-10-3521-0_13
https://doi.org/10.1016/j.spc.2018.05.007
https://doi.org/10.1016/S0166-4972(00)00049-3
https://doi.org/10.1016/j.jclepro.2020.125438
https://doi.org/10.1016/j.jclepro.2020.125438
https://doi.org/10.1108/IJLM-07-2017-0183
https://doi.org/10.1108/IJLM-07-2017-0183
https://doi.org/10.11114/bms.v1i2.692
https://doi.org/10.11114/bms.v1i2.692
https://doi.org/10.5194/hess-12-887-2008
https://doi.org/10.5194/hess-12-887-2008
https://doi.org/10.1016/j.matdes.2005.09.006
https://doi.org/10.1016/j.matdes.2005.09.006
https://doi.org/10.1007/s00267-003-0084-4
https://doi.org/10.1007/s00267-003-0084-4
https://doi.org/10.1016/S0360-5442(97)00081-9
https://doi.org/10.1016/S0360-5442(97)00081-9
https://doi.org/10.1007/s10661-014-3894-3
https://doi.org/10.1007/s10661-014-3894-3
https://doi.org/10.1016/j.apenergy.2015.05.089
https://doi.org/10.1016/j.jclepro.2017.04.163
https://doi.org/10.1016/j.jclepro.2017.04.163
https://doi.org/10.1007/s10163-013-0195-9
https://doi.org/10.1007/s10163-013-0195-9
https://doi.org/10.1007/s10163-020-01096-1
https://doi.org/10.1007/s10163-020-01096-1
https://doi.org/10.1016/j.polymdegradstab.2009.11.010
https://doi.org/10.1016/j.polymdegradstab.2009.11.010
https://doi.org/10.1016/0921-8009(95)00048-8
https://doi.org/10.1016/0921-8009(95)00048-8
https://doi.org/10.1016/j.heliyon.2024.e29994
https://doi.org/10.1016/j.wasman.2012.09.021
https://doi.org/10.1016/j.wasman.2012.09.021
https://doi.org/10.1016/j.agsy.2007.06.001
https://doi.org/10.1016/j.cosust.2020.04.003
https://doi.org/10.1016/j.cosust.2020.04.003
https://doi.org/10.1111/jiec.13295
https://doi.org/10.1111/jiec.13295
https://doi.org/10.1007/s10603-020-09455-z
https://doi.org/10.1007/s11367-008-0024-x
https://doi.org/10.1007/s11367-008-0024-x

SPACE

https://dspace.org/

Greening the future: identifying and mitigating
environmental hotspots in the MSME sector - a wall
mixer case study

Singh, Jitender; Gupta, Sumit; Jagtap, Sandeep

2024-05-23

Taylor & Francis

https://doi.org/10.1080/19397038.2024.2358893

Singh J, Gupta S, Jagtap S. (2024) Greening the future: identifying and mitigating
environmental hotspots in the MSME sector-a wall mixer case study. International Journal of
Sustainable Engineering, Volume 17, Issue 1, pp. 35-45

Downloaded from a DSpace repository. https://dspace.org/


https://dspace.org/
https://doi.org/10.1080/19397038.2024.2358893
https://dspace.org

