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SMEs around the globe are often challenged by the issues related to productivity enhancement, material
usage, waste management and sustainability. Material flow cost accounting (MFCA) is considered as a
green productivity tool that can be utilised by SMEs to overcome these challenges. Despite the benefits,
its adoption among SMEs, especially in developing countries, remains low. The purpose of this research is
to examine how MFCA can be suitably implemented in an SME set-up to improve the financial and
environmental performance of the enterprise. This study utilises case based research methodology to
exemplify the application of MFCA tool in an Indian steel pipes and tubes manufacturing SME. As a part
of MFCA analysis, material cost, system cost and energy cost at each quantity center was calculated to
identify inefficiencies in the production process of the SME. Thereafter, several solutions were imple-
mented to address these inefficiencies. The result of the MFCA implementation showed an overall annual
savings of 21,028,452 INR (USD 302,350) through an investment of 495,400 INR (USD 7123). The present
study reveals that the application of MFCA tool leads to higher productivity, better energy efficiency and
improved environmental performance. The SME’s performance was also monitored for five years to
study the long-term benefits of MFCA implementation. The findings suggest that, post MFCA imple-
mentation, the return on invested capital of the SME increased by 29.37% and the material usage cost
reduced by 26.58%. This research would be beneficial to managers, practitioners, and policymakers for
effectively implementing MFCA in SMEs.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

contributors to environmental contamination. Compared to large
scale industries, SMEs generally do not efficiently manage their

According to a recent report, worldwide consumption of raw
materials will be doubled by 2060 due to expansion in the global
economy and rise in living standards (OECD, 2018). This, as a result,
will intensify the waste generated during the manufacturing of
products compared to today. Small and medium scale enterprises
(SMEs) around the globe significantly contribute to the economy
(Revell et al., 2010). They contribute to around 90 percent of the
businesses around the world, responsible for 60—70% of employ-
ment and up to 50% of the gross domestic product (GDP) of the
countries (UN, 2018). However, they are also significant

* Corresponding author.
E-mail addresses: aditya.fpm2016@iimkashipur.ac.in (A.K. Sahu), rk.padhy@
iimkashipur.ac.in (RK. Padhy), debabrataiitb@gmail.com (D. Das), amitoshg@
gmail.com (A. Gautam).

https://doi.org/10.1016/j.jclepro.2020.123751
0959-6526/© 2020 Elsevier Ltd. All rights reserved.

waste (Van Hoof and Lyon, 2013). Their share in overall industrial
waste generation is estimated to be about 70% (Caldera et al., 2019).
Additionally, their energy consumption is around 74 Exajoules (EJ)
which is above 13% of total energy demand globally (De et al., 2018).
Although industrialization is vital for the economic growth of the
country, one cannot ignore its negative environmental impacts.
Further, stringent government policies and increased pressure from
society due to deteriorating climatic conditions force manufac-
turers to develop their manufacturing practices by taking the
environmental concerns into account (Luthra and Mangla, 2018).
The increasing competitive pressure has impelled SME manufac-
turers to align their business process for achieving sustainability.
This, as a result, has stimulated both researchers and SME managers
to devise different management tools and frameworks for estab-
lishing sustainable manufacturing practices.

Several environmental management tools and policy
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frameworks have been adopted in the past, like cleaner production
methodology, lifecycle costing and ISO 14000 (environmental
management) but only a few of these consider environmental and
financial performance holistically. Moreover, most of these envi-
ronmental management tools have been developed keeping the
large-scale enterprises in mind. Hence these tools, when applied to
small scale enterprises, fail to incorporate all elements of the tool
due to scarcity of financial resources, man-power, awareness,
knowledge, and expertise (Johnson and Schaltegger, 2016). In such
scenario, the Material Flow Cost Accounting (MFCA) tool can be
beneficial for SMEs as it is developed to enhance both environ-
mental and financial performance of the enterprise (Schaltegger
and Zvezdov, 2015). According to ISO 14051: (2011), MFCA is
defined as a “tool for quantifying the flows and stocks of materials
in the manufacturing process or production lines in both physical
and monetary units”. In other words, MFCA can be described as a
management accounting tool that enables enterprise to effectively
manage the use of both material and energy by improving the
existing practices. MFCA works on the concept of ‘quantity center
(QCY. At each QC, the inputs and waste are quantified in physical
and monetary terms (Christ and Burritt, 2015). The quantity of
input and waste generated is first determined in physical terms and
then the associated monetary costs are allocated at each QC. The
Japanese Ministry of Economy, Trade and Industry (METI) has
referred QCs as “theoretical units of MFCA calculation” (METI,
2011). The MFCA tool focuses on quantifying both the marketable
products (referred to as “positive products”) and the process wastes
(referred to as “negative products”) produced during the
manufacturing operations (Zhou et al., 2017). This quantification
enables to trace the flow of materials going into soil, water or air
which can further assist in environmental assessment (Guenther
et al., 2015).

Implementation mechanisms and effectiveness of productivity
improvement tools vary across nations due to cultural factors,
economic conditions, and government policies (Christ and Burritt,
2016). The awareness as well adoption level of MFCA among
SMEs in Germany and Japan is considerably high as both these
countries were the prime contributors towards the initial devel-
opment of MFCA tool (Zhou et al., 2017). MFCA has been widely
promoted by METI in Japan from the year 2000, i.e. since a decade
before it became ISO 14051: 2011 standard (Nakajima et al., 2015).
As of today, more than 300 SMEs in Japan have implemented MFCA,
out of which some enterprises have even extended it to the supply
chain level (METI, 2011; Prox, 2015). Realising the benefits of MFCA
implementation in Germany and Japan, enterprises in China has
also started its implementation across several industrial parks (viz.
Chinese Huangxing). On the contrary, in India, the implementation
of MFCA in SMEs is significantly low compared to those in Japan,
Germany and China (Guenther et al., 2015).

India is an emerging and fast-growing economy. In India, SMEs
contribute around eight percent of the total GDP through produc-
tion, export and employment generation (GOIMSME, 2016). The
implementation of MFCA tool in India is still in the preliminary
stage as majority of the SMEs lack awareness about its financial and
environmental benefits. Moreover, unlike enterprises in advanced
economies, SMEs in India lack data-driven/evidence-based decision
making (Mathur et al., 2012). Most of SMEs in India are family
owned businesses, and perform operations based on the traditional
business methods due to availability of cheap labour (Panizzolo
et al, 2012). Indian SMEs primarily focus on their production
output, and generally do not pay much attention towards managing
production waste due to less stringent environment norms (Seth
et al.,, 2018). In addition to their reluctance to bear the costs asso-
ciated with the implementation of MFCA, Indian SMEs also insist on
knowing whether the tool had previously been implemented in

some similar enterprises nearby. Besides, they do not foresee the
additional financial benefits of adopting MFCA tool in their enter-
prise. Therefore, academic evidence which exhibits environmental
and financial benefits of MFCA tool in a different cultural setting
will provide an important source of motivation for SME managers
to implement it in their enterprise (Christ and Burritt, 2016).

In recent years, with the launch of “Make in India” initiative,
there has been substantial growth in manufacturing sector in India
(Seth et al., 2018). The “Make in India” programme, started in 2014,
supports SMEs with an aim to make India the world’s largest
manufacturing hub (Centobelli et al., 2019). However, along with
economic growth, the rapid industrialization will invariably lead to
increased resource depletion, waste generation and environmental
degradation. Hence, it is important for SMEs in India to manufac-
ture products in a sustainable manner. In the present study, we
respond to this need, and focus on effective implementation of
MEFCA (a green productivity tool) in an Indian manufacturing SME.
Moreover, to the best of our knowledge, real-life case studies of
Indian SMEs explaining systematically derived MFCA-results are
rare and missing. In this context, our study also addresses the call
by Christ and Burritt (2015) that emphasized the need to focus on
the research related to MFCA implementation in developing
nations.

The objective of this study is to apply the MFCA tool in an Indian
SME engaged in steel pipes and tubes manufacturing. The perfor-
mance of the enterprise has been monitored for five years to
examine the financial and environmental impact of MFCA imple-
mentation. The study shows a detailed successful MFCA imple-
mentation with highly promising results in terms of cost and
material savings. This study also shows that how implementation
of MFCA will make the enterprise environmentally conscious and
economically viable. It is envisioned that the case study findings of
present research will inspire other SMEs in developing nations to
implement MFCA. Subsequently, the present case study will help in
spreading awareness and promoting the implementation of MFCA
in Indian SMEs. The remaining article has been divided as follows:
Section 2 describes the concept of MFCA tool and the relevant
literature associated with it. The research methodology is discussed
in Section 3. An explanatory case study is presented in Section 4.
Section 5 highlights the results and discussions. Finally, the article
ends with conclusions stating the implications, limitations and
future research directions of the present study in section 6.

2. Material flow cost accounting (MFCA)

MFCA was developed in Augsburg, Germany in the late 1990s as
a green productivity management tool (Wagner, 2015). It is a
diagnostic tool that helps in productivity enhancement through the
reduction in use of material, energy, and human resources. MFCA
enables the enterprise to visualize the material flows in the pro-
duction process. The material flow analysis is done through the QCs.
In MFCA, the QCs dissect a complete manufacturing system into
fragments. The QCs trace the flow and inventory of materials
through the concept of ‘mass balance’ (Wagner, 2015). As per the
mass balance concept, the total weight of the positive and negative
products should always be equal to that of the input. MFCA pri-
marily focus on the waste (e.g. energy loss, material scrap, unutil-
ised human resource potential and so forth) produced during the
manufacturing operations. The cost allocations into positive and
negative products at each QC are classified as follows:

i) Material costs (includes raw material purchase cost and
selling cost of scrap).
ii) Energy costs (includes electricity and fuel purchase cost).
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Fig. 1. Guidelines for MFCA implementation.

iii) System costs (includes labor cost, depreciation cost, trans-
portation cost, and maintenance cost).
iv) Waste disposal cost (includes cost of handling the waste).

Hence, the cost of waste is more accurately identified in MFCA
compared to traditional cost accounting (Fakoya and van der Poll,
2013). MFCA also enables the enterprise to produce the same
amount of finished products with a lesser amount of input
(Kasemset et al., 2015). By implementing MFCA, an enterprise can
analyse its internal process efficiency as MFCA accounts for mate-
rial, energy, system and waste disposal cost in a single tool. MFCA
can be either applied in a single enterprise or an entire supply chain
regardless of size, activity or location (Schmidt, 2015). Fig. 1 shows
the guidelines for MFCA implementation as per the ISO 14051:
(2011) framework. These guidelines have been further elaborated
in the methodology section of this article.

For identifying the relevant MFCA literature, the keyword
phrase “material flow cost accounting” was searched in the Scopus
database. Total 63 peer-reviewed journal articles were identified in
the MFCA literature published till August 2019 in the English lan-
guage. A total of 55 articles focusing mainly on MFCA was sorted
through manual screening based on the availability of full texts.
After the screening, it was found that most of the articles were
focused on the issue of cleaner production and waste management.
It was also observed that the “Journal of Cleaner Production”
published the highest amount of academic literature related to
MEFCA.

In this study, MFCA literature is categorized into conceptual and
applied research in order to understand the research trends. Con-
ceptual research consists of theoretical development, expansion,
frameworks and the literature review articles related to MFCA,
whereas applied research consists of the application of MFCA in
various SMEs and large scale enterprises. Majority of the applied
research are present in the form of case studies in the existing
literature. A summary of conceptual and applied research have
been presented in Table 1. As per the analysis, out of 55 articles, 29
(52.73%) articles contribute to conceptual based research and 26
(47.27%) articles are based on action and applied research. Recent
articles published in both of these fields suggest further growth and
development in MFCA related research. The existing MFCA related
literature has laid more emphasis on conceptual based research
compared to applied research (Christ and Burritt, 2015). The

Table 1
Identified streams of MFCA research.

applied or action-based research is vital for understanding the
implementation of MFCA in practice. Guenther et al. (2015) suggest
that the possible reason for the low academic publications of
applied research is due to the enterprise confidentiality policies.
The enterprises are hesitant to share detailed achievements of their
MFCA implementation because of fear and competition.

Table 2 summarizes the MFCA-related case studies by grouping
them based on the information like authors, application area,
country and methodology for understanding the applicability of
the tool in different contexts. In all of the case studies, the imple-
mentation of MFCA showed substantial benefits in terms of cost
saving with an additional reduction in waste generation. The
extended MFCA techniques have also been proposed by scholars
that can be used as future environmental management accounting
tools (Christ and Burritt, 2015). Recent case studies shown in
Table 1 reflect the application of both standard and extended MFCA
in the enterprises. For example, Dunuwila et al. (2018a) applied
MEFCA along with a life cycle analysis (LCA) to establish environ-
mental and financial sustainability practices in the rubber
manufacturing enterprise. Dunuwila et al. (2018b) further inte-
grated MFCA with pareto analysis, what-if analysis, cost-benefit
analysis along with LCA for improving the environmental and
financial sustainability. Yagi and Kokubu (2018) identified the
important characteristics of material flow management and pro-
posed an analytical framework to expand the use of MFCA. Zhou
et al. (2017) implemented a modified version of MFCA to achieve
the 3R (Reduce, Recycle and Reuse) principles of circular economy
in a Chinese steel industry enterprise. Bierer et al. (2015) proposed
an extended approach by integrating MFCA with life cycle costing
and LCA approach to enhance the applicability of MFCA. Chompu-
Inwai et al. (2015) proposed a combined MFCA and design of ex-
periments approach to reduce defects and environmental impact in
a Thailand wood manufacturing SME. Fakoya and van der Poll
(2013) also proposed an extended framework by integrating
MFCA with ERP. The methodology of implementing MFCA is
continually expanding to increase the potential and applicability of
the MFCA tool. A new ISO 14052: 2017 framework has been
established which provides guidelines for implementing MFCA in a
supply chain level. The ISO 14052: 2017 is based on ISO 14051: 2011
MFCA general framework and incorporates principles such as
commitment, trust, collaboration and shared benefit that are vital
for successful MFCA implementation in a supply chain. Recent

Type of research Related publications

Conceptual research

Bierer et al. (2015); Bautista-Lazo and Short (2013); Burritt et al. (2019); Christ and Burritt (2017, 2015); Dierkes and Siepelmeyer (2019);

Doorasamy (2015, 2016); Jasch (2006, 2015); Kokubu and Kitada (2015); Koufilova and Sedlacek (2014); Kurdve et al. (2015); Marota et al.
(2017); Mbedzi et al. (2018); Nakajima et al. (2015); Nakano and Hirao (2011); Nyide (2016); Pauliuk (2018); Rieckhof et al. (2015); Schmidt
(2015); Schaltegger and Zvezdov (2015); Schmidt and Nakajima (2013); Sulong et al. (2015); Wagner (2015); Wang (2015); Yagi and Kokubu

(2018, 2019); Zhao (2012)
Applied or action or
research

Behnami et al. (2019); Chompu-Inwai et al. (2015); Debnath (2014); Dunuwila et al. (2018a, 2018b); Dekamin and Barmaki (2019); Cagno et al.
(2012); Fakoya (2015); Fakoya and van der Poll (2013); Huang et al. (2019); Hyrslova et al. (2011); Jakrawatana et al. (2016); Kasemset et al.

(2015); Kasemset and Boonmee (2015); Li et al. (2019); Mahmoudi et al. (2017); Papaspyropoulos et al. (2012); Rieckhof and Guenther (2018);
Schmidt et al. (2015); Takakuwa et al. (2014); Thanki and Thakkar (2016); Wan et al. (2015); Wan and Ng (2015); Wang et al. (2017); Zhou et al.

(2017); Zou et al. (2019)
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Table 2
Summary of MFCA related case-study research.

Authors (year) Application area Country Methodology used
Zou et al. (2019) Aluminum production China MEFCA with life cycle theory
Behnami et al. (2019) Petrochemical wastewater treatment plant Iran MFCA with data reconciliation technique
Li et al. (2019) Paper manufacturing China MEFCA with resource value flow analysis
Huang et al. (2019) Flat glass panel manufacturing Japan MFCA
Dekamin and Barmaki Soybean production Iran MFCA
(2019)
Rieckhof and Guenther ~ Wood processing Germany MEFCA with life cycle assessment (LCA)
(2018)
Dunuwila et al. (2018a)  Crepe rubber production Sri Lanka MFCA with LCA
Dunuwila et al. (2018b)  Crepe rubber production Sri Lanka MEFCA with LCA, Pareto, what-if and cost benefit analysis
Wang et al. (2017) Printed circuit board (PCB) manufacturing Taiwan MFCA
Zhou et al. (2017) Iron and steel production China MFCA with the 3R (reduce, reuse and recycle) concept of
circular economy
Mahmoudi et al. (2017)  Oil refinery wastewater treatment plant Iran MFCA
Jakrawatana et al. (2016) Starch and ethanol production Thailand MFCA
Thanki and Thakkar Cylinders manufacturing India MFCA with value stream mapping and pinch analysis
(2016)
Chompu-Inwai et al. Wood products manufacturing Thailand MFCA with design of experiments
(2015)

Fakoya (2015)
Wan et al. (2015)

Micro-brewery enterprise

case studies)

Textile manufacturing

Aluminum parts production

Sago starch and wastewater treatment plant
Meatball production

Kasemset et al. (2015)

Schmidt et al. (2015)

Wan and Ng (2015)

Kasemset and Boonmee
(2015)

Takakuwa et al. (2014)

Debnath (2014)

Fakoya and van der Poll
(2013)

Papaspyropoulos et al.
(2012)

Cagno et al. (2012)

Hyrslova et al. (2011)

Precision component manufacturing
Food processing unit
Brewery enterprise

Non-profit forestry organization

Electro-mechanical items manufacturing
Ceramic tile manufacturing

Aluminum production and sago starch extraction process (two Malaysia

South Africa MFCA
Mathematical algorithm for MFCA implementation

Thailand MFCA
Germany MFCA
Malaysia MFCA
Thailand MFCA
Japan MFCA
India MFCA with greenhouse gas accounting

South Africa MFCA with the integration of ERP

Greece MFCA

Italy MFCA with general activity based environmental costing
Czech MFCA

Republic

literature (see Higashida, 2020; Nakajima et al., 2015) claims that
application of MFCA at supply chain level helps in further reducing
the cost and the environmental impact. However, the imple-
mentation needs to be first initiated at the enterprise level.

3. Methodology

This study employs case-based research methodology. Case
study provides an empirical enquiry that establishes a causal link
by answering the ‘what’ and ‘how’ questions of the given research
(Yin, 2017). Swamidass (1991) stated that field-based research
helps to reduce the gap in practical applicability of the academic
research. It captures and studies the actual phenomenon of the field
through dialogue and observation. Therefore, case study method is
ideal to understand the MFCA implementation process and its
impact on financial and environmental performance of the enter-
prise. The steps of MFCA implementation process has been illus-
trated in Fig. 2. These steps are based on the principles of ISO
14051:2011 framework which focuses on the input materials and
process waste for increasing cost and environmental efficiency. As
per ISO 14051: 2011 standard, the MFCA implementation involves
following five stages: Stage 1- engage management and determine
roles and responsibilities, Stage 2- identify scope and boundary of
MFCA implementation, Stage 3- data collection and MFCA cost
allocation, Stage 4- interpret and communicate MFCA results, and
Stage 5- improve production practices and reduce material loss.
These five stages are in the form of various clauses under ISO 14051:
2011 standard with are further divided according to plan-do-check-
act cycle. The stage 1 (clause 6.2 and 6.3) and stage 2 (clause 6.4 and

6.5) both represents the plan phase, stage 3 (clause 6.6, 6.7 and 6.8)
represents the do phase, stage 4 (clause 6.9 and 6.10) represents the
check phase and stage 5 (clause 6.11) represents the act phase.

The enterprise selected for this study agreed to provide a con-
sent letter to the researchers for conducting the research. Both
qualitative and quantitative data was collected for the case study.
The qualitative data was obtained through semi-structured in-
terviews with the team members involved in MFCA implementa-
tion. The quantitative data was obtained through the documents
and materials such as presentation slides, charts, reports, ISO
14051: 2011 manual, and financial sheets prepared during the
MFCA implementation and analysis. In addition to this, several
observations were also made during site visits. Data of five years
(from the financial year 2011—2016) that covers the period of both
before and after MFCA implementation was collected to examine
the impact and sustainable benefits associated with MFCA tool. The
impact on the enterprise’s financial performance was measured
through return on invested capital (ROIC) and the yearly material
cost.

4. Case study: implementation of MFCA in an Indian SME

The case study was conducted in steel pipes and tubes
manufacturing enterprise situated in the western part of India
having nearly 250 employees. The enterprise manufactures variety
of pipes and tubes made of cold drawn carbon and alloy steel. Some
of the product categories are - seamless straight tubes and pipes,
‘w-bend, bright-annealed, fuel injection and hydraulic cylinder
tubes. The MFCA was implemented by the enterprise with the aim
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Fig. 2. MFCA implementation steps.

to achieve the financial and environmental performance benefits. It
was decided by the enterprise’s management to implement the
MEFCA tool from the financial year 2012. The MFCA implementation
steps illustrated in Fig. 2 was deployed in the selected enterprise.
The complete process of MFCA implementation, documentation
and the study took nearly two years. The implementation steps are
described below in detail:

4.1. Involvement of management and determination of roles and
responsibilities

When the MFCA tool was introduced to the enterprise, the need
was felt by the management to apply it in their manufacturing unit.
The management accepted its implementation to gain further in-
sights into their production process for continual improvement.
The implementation team was assigned various roles and re-
sponsibilities for obtaining necessary resources, monitoring prog-
ress, reviewing results and collaborating effectively between
different departments within the enterprise.

4.2. Selection of the scope (product/process) for MFCA
implementation

The next step is to define the scope of MFCA implementation by
identifying the target product/process. The target process for MFCA
implementation in this study was restricted to the ‘precision steel
tubes’ manufacturing facility. This unit was chosen due to the high
demand for precision steel tubes.

4.3. Mapping the process, collection and compilation of the data

Fig. 3 represents the flow of order fulfillment process based on
the customer product specifications. The operations start with
picking up the raw material followed by the activities of lubrication,
pointing, cold drawing, heat treatment, straightening, cutting,
deburring, U-bending, hydro testing, dipping in oil, inspection,
marking, packing and finally the delivery of the precision tubes.
Upon discussion with the top management, these activities were
mapped in the form of eleven sub-processes by the MFCA imple-
mentation team to collaborate, maintain records and track the flow
of information. After mapping the process, the period of one month
was specified for data collection to perform the MFCA analysis. This
duration was chosen for minimizing the effect of any significant
variation in the manufacturing process that can affect the usability
and reliability of data. The eleven sub-processes are described
below:

4.3.1. Raw material stockyard

The enterprise used steel tubes (known as mother tubes) as the
primary input raw materials. These tubes were procured from
vendors located in China through bulk ordering. These tubes come
with a variable wall thickness (0.4 mm—0.12 mm), eccentricity and
length. On arrival, the tubes were stored in the raw material
stockyard. Based on the product to be manufactured, decisions on
selecting the desired length and thickness of the tubes are made.

4.3.2. Lubrication

This stage involves lubricating the tube surface with a variety of
chemical solutions. The mother tubes are submerged in acidic baths
to remove foreign particles (such as dust and rust). This was done to
improve the surface finish of the tubes.

4.3.3. Pointing
In this step, the outer diameter of the tube was reduced by the
desired amount by pulling the tube through the pointing die.

4.3.4. Cold drawing

The tubes were cold drawn to reduce its overall cross-section.
This process was accomplished by passing the mother tubes
through a cold drawing die which reduces the diameter and in-
creases the tube length. The die was mounted on a draw bench,
which consists of a long table, a die stand containing the mould and
a carriage that was used to grip and draw the tube. The next step
was the oil drawing process in which bundles of tubes were dipped
into an oil tank.

4.3.5. Heat treatment

This process was used to alter the microstructure of the tube
(physical and chemical properties) for providing surface hardness,
temperature resistance, ductility and strength.

4.3.6. Straightening

The tubes may get slightly bent after the drawing and heat
treatment process. Hence, the tubes were passed through
straightening machines which have a series of vertical and hori-
zontal rollers in mutually perpendicular planes to ensure
straightening.

4.3.7. Cutting and deburring

The cutting and deburring process was used to remove the front
pointed portion of the straightened tube. This process involves both
manual labor and a cutting machine for the removal of the un-
wanted part.
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Fig. 3. Order fulfillment process and the material flow model.

4.3.8. Hydro test
The hydro test was performed on the tubes to check for the
leakages.

4.3.9. Rust prevention coating

The processed tubes were dipped in an oil bath to provide the
rust prevention coating. An overhanging crane was used for
handling the tubes in this process.

4.3.10. Inspection, testing and marking

In this step, visual inspection and testing of the tubes was done
through sampling. Thereafter, the marking of the tubes was done
for easy identification. The marking procedure involved manual
screen-printing of the product specifications over the tube surface.

4.3.11. Packing and delivery

The processed precision steel tubes were wrapped in plastic
sheets and placed in wooden boxes before shipping it to the cus-
tomers. This was done to prevent the tubes from damage/scratches.

4.4. Selection of QCs

The level of details required, and the complexity involved in
MFCA analysis depend on the selection of QCs. A QC can be an in-
dividual sub-process or a combination of consecutive sub-
processes. The QCs are selected based on several factors such as

nature of enterprise activities, number of products manufactured,
plant layout, size of enterprise, technical considerations of the
production process, and material flow details of individual sub-
process in terms of cost and weight. Table 3 provides a summary
of the material flow details of various sub-processes of the case
study SME. It gives information related to the number of raw ma-
terials added in each sub-process, cost of the current raw materials
added in each sub-process, cost of the consecutive waste generated in
each sub-process, weight of current input raw materials and weight of
consecutive waste. By considering all the above factors and
capturing the knowledge and experience of the SME staff members
acquainted with the production processes, total six QCs were
formed to implement MFCA in the SME. Table 4 summarizes the list
of QCs.! Manufacturing sub-process 1 (i.e. raw material stockyard)
is considered as a separate QC because of comparatively higher cost
and weight of input raw materials (refer Table 3) than other sub-
processes. The raw materials (i.e. mother tubes) were received
from various Chinese suppliers in different quantity and variety.
Hence, separate quantification of inputs and waste generated at this
sub-process would help the SME managers to track supplier

! The same number of QCs are also obtained using an integer programming
approach (refer Appendix A in the supplementary file for the detailed algorithm).
However, this algorithm would be more apt for a large-scale enterprise having
more complex production structure.
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Table 3
Material flow details at individual manufacturing sub-process.

Sub-process Manufacturing sub- Number of input raw

Cost of current input raw  Cost of consecutive Weight of current input raw Weight of consecutive

number process materials (Quantity) materials (INR) waste (INR) materials (Kg.) waste (Kg.)
1 Raw material 1 23,003,736 956,040 371,028 15,420
stockyard
2 Lubrication 5 2,660,036 2,553,957 98,532 94,591
3 Pointing 2 124,000 124,000 880 880
4 Cold drawing 2 349,500 337,860 1400 1380
5 Heat treatment 3 285,478 299,924 6818 7051
6 Straightening 0 0 0 0 0
7 Cutting and 2 145,284 389,254 741 4676
deburring
8 Hydro test 3 139,442.45 159,887.45 1417.88 1836.23
9 Rust prevention 2 556,968 529,248 7697 7312
coating
10 Inspection, testing 3 43,527 576,501 900 9708
and marking
11 Packing and delivery 8 981,384.35 6805 5015.05 82
Table 4
Quantity centers.
Quantity center (QC) Sub-process number Manufacturing sub-process at each quantity center
QC1 1 Raw material stockyard
QC2 2 Lubrication
QC3 34,56 Pointing, cold drawing, heat treatment, and straightening
QC4 7,89 Cutting, deburring, hydro test and rust prevention coating
QC5 10 Inspection, testing and marking
QC6 11 Packing and delivery
performances in terms of number of defective items. negative material costs at each QC are calculated and shown in

Manufacturing sub-process 2 (i.e. lubrication) is also treated as a
separate QC because of comparatively higher cost and weight of
consecutive waste than other sub-processes. Moreover, the
disposal of waste in lubrication sub-process involves treatment of a
variety of hazardous chemical solutions. Therefore, environmental
concern is another reason to treat sub-process 2 as a separate QC.
Manufacturing sub-process 3, 4, 5, and 6 (i.e. pointing, cold draw-
ing, heat treatment and straightening) are combined to form QC 3.
The existing plant layout was a major reason behind combining
these sub-processes (since the manufacturing equipment required
in the four sub-processes were in very close proximity to one
another). Manufacturing sub-process 7, 8, and 9 (i.e. cutting &
deburring, hydro test and rust prevention coating) are combined to
form QC 4. Like the previous QC, existing plant layout was a major
reason to combine these three sub-processes. Manufacturing sub-
process 10 (i.e. inspection, testing and marking) is treated as a
separate QC mainly because it involves quality control process.
Also, the cost and weight of waste generated in this sub-process are
third-highest (refer Table 3) among all the 11 sub-process. The last
manufacturing sub-process (i.e. sub-process 11 - packing and de-
livery) is also treated as a separate QC since the packaging and
delivery of finished goods are done at a different facility away from
the manufacturing area (to have better interaction with the cus-
tomers related to product delivery). Additionally, the number of
input raw materials is highest, and the cost of current input raw
materials in this sub-process is third-highest among all the 11 sub-
process.

4.5. Calculation of MFCA cost associated with each QC

In this step, the input costs and the cost of waste at each QC were
calculated. The mass balancing concept was utilised to determine
the cost of positive and negative products. The positive product of
the previous QC goes as the input of the subsequent QC along with
other additional inputs required in that QC. The positive and

Table 5. Other costs such as energy costs (EC) and system costs (SC)
are assigned into positive and negative costs based on the pro-
portion of the positive and negative material cost (MC) (Kasemset
et al., 2015). The MFCA cost allocation is illustrated in Fig. 4.

4.6. Interpretation and communication of MFCA results

The results of the MFCA analysis are interpreted to discover QCs
that contribute to significant financial loss and environmental
impact (in terms of waste). From the MFCA material balance (refer
Table 5), it can be observed that maximum material loss is occur-
ring at the QC 2. The cost of negative product is 2,553,957 INR? (USD
36,721) i.e. 10.34% with reference to the material input. The cost of
the negative product with reference to the material input at other
QCs are as follows: 956,040 INR (4.16%) at QC 1; 761,784 INR (3.32%)
at QC 3; 1,078,389.45 INR (4.69%) at QC 4; 576,501 INR (2.63%) at QC
5; and 6805 INR (0.03%) at QC 6. The maximum amount of financial
loss aggregating the material, energy and system loss is also
observed at the QC 2 (refer Fig. 4). The total negative product cost
aggregating the material, energy and system loss at QC2 is
2,600,437.28 INR (USD 37,389). The summary of the positive and
negative costs in terms of material cost, energy cost, system costs
and waste management cost have been presented in Table 6. Waste
management cost (WC) was not considered in the analysis as the
process of waste management was outsourced. The percentage-
wise positive and negative cost allocations in MFCA is also illus-
trated in Fig. 5. Fig. 5 suggests that more focus should be given to
reduce material loss as it accounts for the highest percentage of
negative product cost (20.98%) under MFCA. After analysis, the
results of MFCA were communicated to relevant stakeholders in
order to reduce the financial and environmental loss.

2 INR — Indian Rupee. (1 USD = 69.55 INR).
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Table 6

Summary of the positive and negative costs in MFCA.

AK. Sahu et al. / Journal of Cleaner Production 279 (2021) 123751

Material cost (INR)

System cost (INR)

Energy cost (INR)

Waste management cost (INR)

Total cost (INR)

Positive Product
Negative product (loss)

Total

22,354,547.15
(79.02 %)
5,933,476.45
(20.98%)
28,288,023.60
(100%)

1,278,232.10
(91.04%)
125,767.90
(8.96%)
1,404,000
(100%)

3,600,940.46
(90.48%)
378,897.55
(9.52%)
3,979,838.01
(100%)

27,233,719.71
(80.88%)
6,438,141.90
(19.12%)
33,671,861.61
(100%)

100%
90%
80%
70%
60% 79.02%
50%
40%
30%
20%
10% 20.98%

0%

91.04%

8.96%
Material cost System cost

Onegative product %

90.48%

0.00%
0.00%

Waste management
cost

9.52%

Energy cost

O Positive product %

Fig. 5. The MFCA cost allocation (positive vs. negative).

4.7. Identification of improvement areas

In this step, the material flows were analysed in detail to identify
the inefficient resources (material, energy and human resources).
Improvement areas were identified by tracing the materials going
into the product, water, soil or air. This tracing of material flow in
physical and monetary terms helps the enterprise to perform both
financial and environmental assessment simultaneously (Guenther
et al., 2015). The QCs generating losses have been identified on the
basis of MFCA cost calculation. The implementation team brain-
stormed on the improvement areas and evaluated them based on
the practicality, implementation cost and estimated benefits. Pri-
oritization rule was set to identify improvement areas in the pro-
duction process. The focus on reducing the material loss was given
first priority as it accounted for the highest negative product cost
compared to the cost of energy and system loss (refer Table 6).
Thereafter, the QC having higher negative product cost compared to
others was given more preference. If the QC has more than one sub-
process then the sub-process having higher material loss in terms
of cost within the QC was given more priority for improvement
compared to other merged sub-processes. For example, the QC 2
was given first priority for improvement as it accounts for the
highest negative product cost (2,553,957 INR) followed by QC 4
(1,078,389.45 INR), QC 1 (956,040 INR) and so forth. In case of QC 4,
rust prevention coating (529,248 INR) was given more priority
followed by cutting and deburring (389,254 INR), and hydro test
(159,887.45 INR) for identifying the improvements possibilities
within the QC (refer Table 3). The material flows, present waste
management practices and identified improvement areas have
been discussed below in detail.

4.7.1. QC 1: Raw material stockyard
The material loss generated in the form of defective metal tubes

and steel strips were sold to institutional scrap dealers. In this QC,
the mother tubes were visually inspected for abnormalities.

The variable length and the wall thickness of mother tubes often
created difficulty in terms of the selection of raw material batches
as the scrap generated in the form of end cuttings depends on the
length of the batch selected.

4.7.2. QC 2: Lubrication

This process (lubrication) is a metal pickling process in which
the chemical solution removes the rust and dust by forming a thin
layer of solution over the tube surface. The material loss is in the
form of chemical sludge. In this process, out of total 98,532 kg acid;
4% (i.e. 3941 kg) sticks onto the surface of the mother tubes, 2% (i.e.
1971 kg) gets evaporated, and the rest 94% (i.e. 92,620 kg) gets
contaminated during the acid bath. Both the contaminated and
evaporated acid (92,620 + 1971 = 94,591 kg) are treated as process
waste/material loss. The waste (i.e. chemical sludge — also known
as spent pickle liquor) is hazardous in nature. Hence, it is sent
directly to a common effluent treatment facility located nearby for
further treatment. Thereafter, it is finally discarded as per the
environmental protection laws.

The main issue in this sub-process was the frequent acid bath
changeover. The raw material tubes were submerged directly into
an acid bath which caused frequent acid changeover. Moreover, the
lubrication process was not regulated by any standard operating
procedure. The process was solely dependent on the visual in-
spection of the handling personnel as no measuring instruments
were installed to check the quality parameters of the pickling and
lubrication facility. By cleaning a lot of tubes at once, there were
chances that some tubes would remain unclean. Also, no temper-
ature indicators and control gauges were installed for operational
control. This created problems in the next process in the form of
reworking or rejection of the tubes.
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4.7.3. QC 3: Pointing, cold drawing, heat treatment and
straightening

As per the current waste management practices, rejected tubes,
sample tubes taken out for quality check, used pointing dies, used
grippers, used cold drawing dies and used MS wires were sold to
the scrap dealer. Out of total 1250 kg drawing oil, 4% (i.e. 50 kg)
sticks onto the surface of the tubes, 2% (i.e. 25 kg) spills on the
ground, and the rest 94% (i.e. 1175 kg) gets contaminated during the
operation. Both the contaminated and spilled oil
(1175 + 25 = 1200 kg) are treated as process waste/material loss.
The contaminated drawing oil is discarded and sold to outside
vendors which they recycle. In this QC, ammonia is used to main-
tain the furnace atmosphere so that the metal pipes are protected
from oxidation during the high-temperature heat treatment pro-
cess. Similarly, de-scaling chemical is added during the heat
treatment process to maintain the surface finish of tubes and
protect them from scale formation over the tube surface. Since all
the ammonia (6533 kg) and de-scaling chemical (60 kg) get mixed
with the products of combustion, these are considered as material
loss in Table 5. The Straightening process does not generate any
waste. In this QC, following improvement areas were identified:

4.7.4. Pointing

The pointed length that had to be cut off was eight inches per
tube which later became scrap for the unit. This generated process
scrap could be reduced by reducing the pointing length of the tube.

4.7.5. Cold drawing

The drawing bench machine used to run in an unloaded con-
dition (a resource waste). Also, the next process had to remain idle
until the excess oil was drained out in the oil drawing process. The
production was affected due to the waiting period and more oil was
wasted in some cases due to urgency. At times the floor became
slippery due to improper design which increased the chance of
accidents.

4.7.6. Heat treatment

Material loading at the furnace was not properly planned. To
keep the furnace running continuously, most of the times it was
operated in an under loaded condition. This practice of underutil-
izing the furnace capacity led to wastage of precious resource like
PNG (Piped Natural Gas) in the form of exhaust gases. The
manpower required for unloading annealed tubes was high. Since
the process was manual, six men were employed for unloading the
tubes. Also, frequent breakdowns occurred in the heat treatment
process. The total breakdown at the furnace was approximately
100 hr per month. The tubes used to get overheated due to the
improper design of the cooling zone. The furnace was also under
loaded to overcome the overheating problem. This resulted in
wastage of energy leading to less production output. Moreover, the
waste heat from the furnace in terms of exhaust gases was let out
directly into the atmosphere at around 250 °C. This could have been
utilised for heating purposes instead.

4.7.7. QC 4: Cutting, deburring, hydro test, and rust prevention
coating

The waste generated in the form of rejected tubes, point end
cuts (metal pieces), discarded abrasive cutter, used deburring tool,
used jig tools, and faulty pressure gauges were sold to the scrap
dealer. The hydraulic oil is changed as per the maintenance
schedule adopted by the unit due to the reason that the oil loses its
viscosity over time. The quantity of hydraulic oil that was replaced
is shown as material loss since it was completely discarded and
cannot be reused. The rust prevention oil gets contaminated due to
direct dipping of tubes and loses its efficacy over time. Out of total

7694 kg of rust preventing oil, 5% (i.e. 385 kg) sticks onto the sur-
face of the tubes, 1% (i.e. 77 kg) spills on the ground, and the rest
94% (i.e. 7232 kg) gets contaminated during the operation. Both the
contaminated and spilled oil (7232 + 77 = 7309 kg) are treated as
process waste/material loss. The contaminated oil is sold to the oil
dealers which they recycle. In this QC, following improvement
areas were identified:

4.7.8. Cutting and deburring

In this process, the abrasive cutting machine used to run in an
unloaded condition. Also, the process scrap generated in the form
of end cuts was high due to improper gripping of cutting machine.

4.7.9. Rust prevention coating

In this sub-process, the operator had to wait until excess oil was
drained out of tubes for the next inspection process to take place.
The production was affected due to the waiting period. Many times,
in order to meet the production timelines, a huge quantity of oil
was wasted as very less time was provided for the oil to rinse out of
the tubes. This also made the shop-floor slippery and accident-
prone.

4.7.10. QC 5: Inspection, testing and marking

The wastes generated in this QC are rejected tubes, rejected
marking slate, lost marking chemical, and used cotton material. The
inspection and quality check department discards the tubes which
do not conform to the standard specifications. Hence, they were
sold as scrap to the scrap dealer. During marking process of the
tubes, 54 kg of the marking chemical sticks to the tubes’ surface.
The rest (i.e. 13 kg) of the chemical either sticks on to the surface of
the marking slate or spills on the ground during the operations, and
is hence treated as a material loss. All the marking slates are dis-
carded after use. The cotton cloth material is used for cleaning the
tube surfaces for marking the tube identification and batch codes.
The same cotton cloth material is then used to clean the ground
where this marking chemical is spilled. The whole cotton cloth
material, post usage, is discarded as industrial waste and sent to the
secure landfill sites.

Earlier, in the marking process, a new marking slate was used for
each new batch of the finished product, i.e. the marketing slate was
discarded after a single-batch use. However, as per the suggestion
of the MFCA implementation team, it was decided to reuse these
slates two to three times.

4.7.11. QC 6: Packing and delivery

The wastes generated in this QC are HDPE, plastic sheets, and
steel strips. The steel strips are used to bundle the finished products
during packing. It is also used to grip the wooden boxes to prevent
the tubes from damage/scratches during transportation. During the
bundling and gripping process, out of total 614 kg of steel strips,
4.24% (i.e. 26 kg) gets damaged. The damaged steel strips are
treated as waste and sold to the scrap dealer. HDPE is used to wrap
the bundled finished products. Improper handling often resulted in
tearing of HDPE. During the wrapping process, out of total 698 kg of
HDPE, 4.44% (i.e. 31 kg) got torn. The HDPE wrapped finished
products are kept inside wooden boxes. Thereafter, plastic sheets
are used to wrap the wooden box. During the wrapping process, out
of total 496 kg of plastic sheets, 5.04% (i.e. 25 kg) got torn. The torn
HDPE and plastic sheets are treated as waste and sent to secure
landfill sites.

Earlier, the wooden boxes used for packaging were 1-inch thick
and fully covered (see Fig. 6). However, the MFCA implementation
team suggested that wooden boxes could be redesigned to reduce
the usage of wood resulting in material and cost saving.
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Before MFCA implementation After MFCA implementation
The wall thickness eccentricity of mother The wall thickness eccentricity was
tube used was 0.4 mm. reduced to 0.15 mm.

O

Fully covered wooden box used earlier with | Redesigned wooden box with 0.75-inch
1-inch thickness. thickness.

i‘f"ﬁ'

{4

'

i

Fig. 6. Improvements made after MFCA implementation.

Table 7
Summary of implemented solutions and quantified benefits obtained after MFCA implementation.
QC MFCA Solution implemented ~ Type of benefit achieved Investment (INR)  Resources saved in Annual savings (in INR)
terms of Material/ (1 USD = 69.55 INR)
Energy/System cost
1. Raw material The wall thickness eccentricity Due to material saving, 9.75 INR/tube is O INR (Requirement Material saving: [ron 2,281,500
stockyard of the raw material tube was  saved. Approximately 19,500 tubes are specified to the
reduced from 0.40 mm to consumed per month. Hence, 190,125 suppliers)
0.15 mm. INR is saved per month.
2. Lubrication Stage 1: Cleaning the individual The usability of acid bath increased fora ___ Material saving: _
raw material tube with longer time period. Chemicals

pressurized water. Stage 2:
Cleaning the lot of raw material
tube by pressurized air before
putting it in the acidic bath.

3.1. Pointing Length of pointed end of the Due to material saving, 5.70 INR/tube is 175,000 Material saving: Iron 1,333,800
tubes was reduced from 8 saved. Approximately 19,500 tubes are
inches to 6 inches. consumed per month. Hence, 111,150
INR is saved per month.
3.2. Cold drawing 1. Electric proximity (inductive Approximately 450 kWh/month/draw 12,000 Energy saving: 367,200
sensor) switch was introduced bench is saved by implementing the Electricity
to avoid machine running in the solution. Total 10 draw benches are
unloaded condition. present in the cold drawing process.

Electricity is charged at the rate of 6.80
INR/kWh. Hence, 30,600 INR is saved
per month.
2. Inclined plates with small Approximately 25 kg of oil/month is 10,000 Material saving: Oil 81,000
stands were attached on the prevented from being wasted by
sides of the oil tank so that the implementing the solution. Drawing oil
excessive oil is restored back  is procured at 270 INR/kg. Hence, 6750

into the tank. INR is saved per month.
3.3. Heat treatment and 1. Loading 2 Mt/h at furnace After MFCA implementation, loading in ___ Energy saving: [ (2.21-1.60) INR/kg *
straightening was done instead of 1 Mt/h. the furnace is now approximately Electricity, natural gas  6,00,000 kg * 12
Also, the furnace was shut 6,00,000 kg/month. Heat treatment cost months | = 4,392,000
down when there is no load.  isreduced from 2.21 INR/kg to 1.60 INR/
kg.
2. Pneumatic cylinder was By introducing pneumatic cylinder 50,000 Resource saving: 468,000
introduced due to which three monthly expenditure of 3 workers is Manpower
persons were required for saved. The monthly wage of a worker is

unloading instead of six.
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QC

MEFCA Solution implemented

Type of benefit achieved

Investment (INR)

Resources saved in
terms of Material/
Energy/System cost

Annual savings (in INR)
(1 USD = 69.55 INR)

4.1. Cutting and
deburring

4.2. Rust prevention

coating

5. Inspection and
marking

3. For the elimination of the
overheating problem, one extra
cooling zone was introduced
which increased material
loading by 50%.

4. CLLT. (cleaning,
lubricationinspection,
tightening) was introduced due
to which breakdowns got
reduced by 50%.

5. The waste heat (250°) of
effluent gas was tapped for
pickling department instead of
releasing in the air.

1. Electric proximity (inductive
sensor) switch was introduced
to stop machine when on
unload condition.

2. One vertical pneumatic
cylinder is added for proper
gripping.

Wastage of oil was recovered by
using tapered plate attached
with oil tank which resulted in
productivity improvement and
reduction in waiting time.

One marking slate was used at
least 2 to 3 times instead of
discarding it after single-batch
use.

13,000 INR. Hence, 39,000 INR is saved
per month.

Additional loading is approximately
2,00,000 kg/month. Treatment cost was
reduced from 6 INR/kg to 2.75 INR/kg.

35,000

The utilization increased due to less
breakdown. 15,000 kg/month of
material was loaded more in the saved people)
50 h.

Approximately 5000 SCM PNG per 200,000
month is saved by implementing the
solution. PNG is procured at the rate of
38 INR/SCM. Hence, 1,90,000 INR is
saved per month.

Approximately 675 kWh/month/
cutting machine is saved. Total 2
machines are present in this process.

2400

1144 m of tube length is saved/month 1000
by implementing this solution. 40 mm/
tube is saved. Rate of 1 m tube is 48 INR.
Hence, 5544 INR is saved per month.
Approximately 77 kg/month oil is
prevented from being wasted by
implementing the solution. Rust
preventing oil is procured at 72 INR/kg.
Hence, 6750 INR is saved per month.
The consumption of marking slate per
month is reduced to 40 slates from 100
slates. The cost of one marking slate is
INR 131. Hence, 7860 INR is saved per

10,000

0 INR (Training
given to concern

Energy saving:
Electricity

Energy saving:
Electricity

Energy saving: Natural
gas

Energy saving:

Electricity

Material saving: Iron

Material saving: Oil

Material saving:
Marking slate

[ (6—2.75) INR/kg *
2,00,000 kg * 12
months ] = 7,800,000

[ 2.75 INR/kg *
15,000 kg * 12 months
] = 495,000

2,280,000

[ 6.8 INR/kWh * 675
units saved * 12
months * 2

machines] = 110,160
658,944

66,528

94,320

month.
6. Packing and dispatch Wooden box thickness was
reduced from 1 inch to 0.75

inches.

Total

Material saving: Wood 600,000

495,400 21,028,452

5. Results and discussions

MEFCA is essentially a green productivity tool which focuses on
improving productivity and minimizing waste. The results of the
present study also show that SMEs can improve their financial and
environmental performance by implementing MFCA. Several so-
lutions have been implemented based on the identified areas of
improvement. For example, during the MFCA study, it was
discovered that a huge amount of waste was created in the form of
end cuts of the tubes in the cutting and deburring process (QC 4).
This was because the wall thickness eccentricity of tubes delivered
by the vendors varied between 0.4 mm and 0.12 mm and the
different length of mother tubes ordered were delivered unsegre-
gated. Hence, it was decided by the MFCA implementation team to
minimize wall thickness up to 0.15 mm as a part of the improve-
ment measure (see Fig. 6). The team also instructed their vendors to
deliver the mother tubes pre-segregated based on different length.
This resulted in the reduction of end cut losses of tubes. Similarly, in
QC 6, it was identified that redesigning the wooden box (from fully
covered to partially covered) and reducing its thickness from 1-inch
to 0.75-inch would result in substantial cost savings through
reduced material usage in the packing and dispatch process. The
redesigned wooden box (see Fig. 6) provides the same amount of
damage protection during shipping. All the other benefits obtained
after MFCA implementation are summarized in Table 7. The case
enterprise had overall annual savings of 21.028 million INR (USD
302,350) with an investment of 495,400 INR (USD 7123).

Additionally, the MFCA implementation team recommended some
future steps to reduce environmental impact. The current waste
handling practices and future steps are summarized in Table 8.
Thus, indicating the ways of achieving both financial and envi-
ronmental benefits through implementation of MFCA tool.

MFCA is also referred as a toolbox for achieving sustainability
(Guenther et al., 2015). It assists in achieving financial sustainability
by reducing the manufacturing cost through efficient resource use.
Further, it helps in achieving environmental sustainability through
reduction in material waste and emissions. To investigate sustain-
able performance of the enterprise, ROIC and total material cost on
an annual basis was calculated before and after MFCA imple-
mentation. Fig. 7 shows the ROIC value of five financial years from
2011—12 to 2015—16. It can be seen that the ROIC improved from
12.12 to 15.68, i.e. by 29.37% with the implementation of MFCA.
From the material consumption point of view (refer to Fig. 8), it can
be observed that after MFCA implementation, the material cost
reduced significantly from 491.9 million INR (USD 7,072,609) to
361.1 million INR (USD 5,191,948), i.e. by 26.58%. The savings
illustrated in Figs. 7 and 8 during five years is inclusive of variations
in the cost of input materials, energy (increased PNG and electricity
cost), wastewater treatment cost, system cost (increase in wage
rates) and so forth. Only minor variations have been observed in the
costs which do not have a significant impact on the analysis.
However, as a part of technical innovations, the MFCA imple-
mentation has assimilated a waste minimization culture in the
enterprise. Thus, the study findings reveals that the
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Summary of current waste handling practices and future actions to increase environmental efficiency.

Nature of waste
(hazardous/non-
hazardous)

QC Type of waste Current waste handling practices

Future actions identified through MFCA to increase environmental efficiency

1 Material waste Non-hazardous
(steel strips, tubes
etc.)

2 Waste acid

(chemical sludge)

Sent to scrap dealer.

Hazardous
plant.

Non-hazardous
Non-hazardous

3 Rejected tubes
Sample tubes taken
out for quality
check
Used pointing die
Used grippers

Sent to scrap dealer.
Sent to scrap dealer.

Non-hazardous
Non-hazardous

Sent to scrap dealer.
Sent to scrap dealer.
Used cold drawing Non-hazardous
die

Used drawing oil

Sent to scrap dealer.
Hazardous Waste Sent to oil recycler.

Hazardous
Hazardous

Used ammonia
Used descaling
chemical

Used MS-wire

Mixed with products of combustion
(exhaust) and let out to
atmosphere.

Non-hazardous Sent to scrap dealer.

Rejected tubes Non-hazardous Sent to scrap dealer.

Pointed end cuts of Non-hazardous
tube

Used abrasive
cutter

Used deburring tool Non-hazardous
Used jigs tool Non-hazardous
Used hydraulic oil Hazardous

Sent to scrap dealer.

Non-hazardous Sent to scrap dealer.
Sent to scrap dealer.
Sent to scrap dealer.
Sent to oil recycler.
Used pressure Non-hazardous

gauge

Used rust

preventing oil
5 Rejected tubes

Sent to scrap dealer.
Hazardous Sent to oil recycler.
Non-hazardous Sent to scrap dealer.

Waste discarded and sent to landfill
site.

Non-hazardous
Non-hazardous
Hazardous

Non-hazardous
Non-hazardous
Non-hazardous

Cotton material

Marking slate

Marking chemical
6 HDPE

Plastic sheets

Steel strips

Waste discarded and sent to landfill
site.
Sent to scrap dealer.

Stringent quality check should be performed so that the number of defective tubes
arriving from the supplier side is reduced.

Sent to common effluent treatment Following measures could be taken to further reduce the frequency of acid bath

changeover: (i) First, the tubes should be cleaned with warm water before cleaning
them with pressurized air. A hot water generator could be deployed to heat the water
to the desired temperature of around 50 °C.

(ii) Second, brush cleaning of the tubes should be performed after pressurized air
has been blown over the surface. Then, the tubes should be put in the acid
bath. This will reduce the dust sticking at the upper surface of the tubes; thereby
reducing the early contamination of the acids in the lubrication (pickling) tank.

(iii) Instruments to measure parameters like temperature, Ph level indicators should
be installed to improve efficiency of lubrication operation.

(iv) The lubrication process should be done in a closed tank to minimize the
evaporation of chemical sludge into the atmosphere.

100% Manual inspection should be done before the lubrication process.

Statistical technique should be incorporated to determine optimal sample size for
quality check.

High quality dies should be procured to retain its usability for a longer time period.
High quality grippers should be procured to retain its usability for a longer time
period.

High quality dies should be procured to retain its usability for longer time period.

High quality synthetic oil should be procured to retain its usability for longer time
period.

Installation of air pollution control equipment could be done to control the emission
of suspended particulate matter, ammonia and other chemicals directly into the air.

Structural changes in the furnace rail (where tubes are kept for heat treatment) can
be made to eliminate the use of MS-wire for binding the tubes during the heat
treatment.

Standard operating procedures should be adopted so that the rejection rate is
minimized.

Pointed end cuts to be sent back to suitable vendor for recycling.

Used abrasive cutter to be sent back to suitable vendor for recycling.

Used deburring tool to be sent back to suitable vendor for recycling.

Used jigs tools to be sent back to suitable vendor for recycling.

Better quality hydraulic oil should be procured to retain its usability for a longer time
period.

Used pressure gauge to be sent back to suitable vendor for recycling.

Better quality rust preventing oil should be procured to retain its usability for a longer
time period.

Standard operating procedures should be adopted so that the rejection should be
minimum.

To reduce these waste, manual marking should be eliminated and electronic marking
system should be adopted.

Use of plastic sheets for packaging should be completely eliminated; instead
reusable/bio-degradable packaging materials can be adopted.

implementation of MFCA enables cost reduction through less ma-
terial usage and reduced waste generation. Subsequently, this
reduced material use and waste minimization in longer-term hel-
ped the enterprise in achieving their environmental and financial
sustainability goals.

6. Conclusions

The sustainable performance of SMEs is important for the
development of a country’s economy. Though limited in resources,
SMEs can still contribute towards sustainability through the
adoption of green production techniques. MFCA is one such

inexpensive green productivity tool that can be used for improving
environmental and financial performance simultaneously. This
article presented the application of MFCA tool in a steel pipe and
tube manufacturing enterprise in India. The implementation of
MFCA facilitated the case study enterprise to understand its pro-
ductivity in terms of material flow. This paper also addressed the
‘what’ and ‘how’ research questions on MFCA implementation that
prompted the purpose of this case study. The ‘what’ question is
addressed by identifying the key improvement areas in the busi-
ness process through MFCA implementation. The ‘how’ question is
addressed by finding ways of improving these identified areas in
the business process. MFCA facilitated the case study enterprise to
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Fig. 8. Impact on material usage through MFCA implementation.

become competitive through informed material flows. The enter-
prise management was able to identify the losses and in-
efficiencies occurring in the production process. It also assisted the
SME to achieve better profit margins for long-term business sus-
tainability by reducing waste, resource consumption, and
emissions.

Manufacturing of goods with standardised and sustainable
production methods is essential for SMEs. The principles of pro-
ductivity enhancement through process improvement, material
and energy conservation tools are becoming more relevant in to-
day’s sustainable manufacturing context. Given the reluctance of
SMEs to implement the MFCA tool (for various reasons as also
discussed in Section 1), it is imperative to establish a conducive
ecosystem to enable the adoption of MFCA tool among Indian
SMEs. In this regard, the role of government is paramount. For
instance, the government and policymakers may conduct suitable
workshops, develop training courses, provide technical support,
and share success stories of the benefits obtained through MFCA
implementation. These measures can potentially motivate the top
management and also enhance the technical knowledge of SME
employees to support MFCA implementation. In this regard, the
example of Japan is noteworthy. The “Environmental Management
Accounting Promotion Project” launched in 2002 (by METI) has
resulted in a countrywide implementation of MFCA in Japanese
enterprises. Similar promotional events for SMEs can be initiated
by the government and policymakers in India. Proper communi-
cation channels for publicity may also be set by the government
and policymakers for encouraging Indian SMEs to implement
MFCA.

6.1. Theoretical and practical implications

The current research work has both theoretical and practical
implications. Following are the theoretical implications of the
study: First, the present study attempts to fill the research gap
quoted by Guenther et al. (2015) concerning the low academic
publications of action-based research in MFCA literature. Hence, it
makes a significant contribution to the emerging MFCA literature.
Second, it provides detailed academic evidence of MFCA imple-
mentation process in an SME set-up, especially in context to steel
pipes and tubes manufacturing enterprise that have been scarcely
addressed in the literature. Third, by providing insights regarding
adoption of MFCA tool in context of developing economy (i.e. India),
the study extends the geographical scope of academic in-
vestigations related to MFCA; thereby addressing the call by Christ
and Burritt (2016).

This study provides the following practical implications: First,
the implementation steps demonstrated in the study will help the
SME managers and practitioners to understand the effective
implementation of MFCA tool. The current study exemplifies step
by step MFCA implementation process for improving the firm’s
financial and environmental performance. Second, the present
study sets an example to encourage other SMEs for becoming more
environmentally conscious and economically sustainable. Third,
government and policymakers, working towards establishing sus-
tainable manufacturing practices in SMEs can introduce nation-
wide schemes to implement MFCA. Fourth, the results of this study
will promote the adoption of MFCA in developing or low-income
countries to show their contribution towards cleaner production.
Lastly, with the advent of ISO 14052, the authors believe that the
present case study provides useful implications for extending the
MEFCA application at the supply chain level. In the present study;, it
was identified that a huge amount of material loss occurring
internally in the enterprise was caused due to the raw materials
provided by the suppliers. Hence, the case enterprise contacted
their mother tubes supplier in China for setting strict tolerance
limit of the tube wall thickness eccentricity and getting the tubes
sorted based on different length from the next delivery batches.
Subsequently, the supplier of wooden boxes used for packing the
finished product was also contacted to provide the redesigned
boxes as suggested by the MFCA implementation team. Such
collaboration and integration with suppliers are important in
implementing MFCA at the supply chain level (Prox, 2015). Addi-
tionally, the information related to environmental and financial
benefit of MFCA can be shared with the supply chain partners in
order to collaborate and encourage them to implement MFCA in
their enterprise.

6.2. Study limitations and future scope

Although the present study addressed newer insights into the
MFCA literature, the research has few limitations that can be
considered as agendas for future work. First, this study presented
the application of MFCA that was limited to the manufacturing of a
single product (precision steel tubes) having only 11 sub-process.
Future research may be carried out to apply the MFCA tool in a
more complex production structure or large scale enterprises.
Second, this study focused on a single enterprise for MFCA imple-
mentation. Future studies could be carried out to determine
whether the benefits of MFCA implementation vary across different
geographical locations and different industry sectors. Third, as
SMEs face many obstacles with regards to MFCA implementation
due to their technical, financial, and time constraints, an empirical
investigation to understand the reasons for resistance/barriers and
adoption of MFCA in the SME context can be considered as another
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future area of research. Fourth, since LCA tool captures the overall
environmental impacts of products and services, an interesting
extension of this study would be to combine the extended MFCA
tool with LCA so that environmental and economic aspects can be
further addressed in detail simultaneously. Also, implementing
MFCA at the supply chain level, particularly in the service sector, is
another scope of the study for researchers.
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Glossary

hr: Hour

INR: Indian rupee

Kg: Kilogram

Kwh: Kilowatt hour

mm: Millimeter

MT: Metric ton

PNG: Piped natural gas

SCM: Standard cubic meter

SME: Small and medium-sized enterprise
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