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An Integrated DEMATEL-MMDE-ISM Approach for Analyzing 38 

Environmental Sustainability Indicators in MSMEs 39 

 40 

Abstract: The Micro, Small and Medium Enterprises engaged in manufacturing activities are 41 

facing various environmental challenges encompassing material and energy consumption; waste 42 

generation and disposal; water and air pollution; etc. Hence, it becomes important to adopt 43 

policies, strategies, and technologies, which may help to bring down the adverse impacts of 44 

manufacturing on the environment. In this context, the current study identified the 15 critical 45 

environmental sustainability indicators to gauge the impact of their manufacturing activities on 46 

the environment taking a case of lock manufacturing industries. To understand the 47 

interdependence among the selected indicators, the study further utilizes an integrated 48 

DEMATEL-MMDE-ISM approach to analyse the inputs of industry professionals. The results of 49 

the study highlighted that design of products, which can be disassembled, reused, or recycled and 50 

are free from hazardous materials play a significant role in enhancing the environmental 51 

sustainability of the concerned industry. The study is expected to aid decision-makers (industry 52 

practitioners and academic researchers) to identify strategic areas in order to achieve higher 53 

environmental sustainability in manufacturing organizations. 54 

 55 

Keywords: Small and Medium Enterprises; Lock Manufacturing; Environmental Indicators; 56 

DEMATEL; MMDE; ISM; MICMAC. 57 

1. Introduction 58 

The manufacturing sector is an indispensable part of the global economy wherein the 59 

sustainability concepts are gaining widespread attention across the world. Sustainability, as a 60 

concept originated with Brundtland (1987) report that conceptualized sustainability as satisfying 61 

the demands of the current generation without adversely affecting the ability of succeeding 62 

generations to fulfil its own needs (Gupta et al. 2018). Governments are enacting stricter 63 

legislation to bring down the adverse environmental effects of production and related operations 64 

that have pushed manufacturers to adopt the principles of sustainability in production (Huang 65 

and Badurdeen 2017). In this context, sustainable manufacturing practices aim to create products 66 

through non-polluting processes, consuming less natural resources and energy but at the same 67 

time they must be economically viable and safe (Sengupta et al. 2018).   68 
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Nowadays, an increasing emphasis on sustainability has contributed to the growth and advances 69 

of its assessment tools that may provide a quantifiable data for decision making for  an 70 

organization seeking to incorporate sustainable manufacturing practices/technologies 71 

(Moldavska and Welo 2015). Sustainability assessment relies on a set of indicators which 72 

provide a simple, quantifiable/measurable, affordable, and communicable method to assess  a 73 

manufacturing unit (Linke et al. 2013).  Such indicators provide valuable information leading to 74 

better policymaking and enable assessment of the level of sustainability achieved as compared to 75 

the desired goal(s). 76 

Manufacturing has become a crucial area for the growth in developing countries, like India, and 77 

is playing a significant impact on the economic growth and employment generation. By 2022, 78 

the Government of India intends to increase the GDP share of manufacturing to 25% (IBEF 79 

2019). India’s MSME sector alone contributes about 40% manufacturing share of GDP and is 2nd 80 

largest employer of the country (MSME 2013). Despite immense contribution to the Indian 81 

economy, MSMEs contribute 70% of the total industrial pollution resulting in serious health 82 

hazards and damage to the environment and thereby the ecosystem. Even though plenty of 83 

studies are available on environmental impact of MSMEs manufacturing, the  assessment of the 84 

same using indicators still remains an under-researched topic in this sector (Nulkar 2014). 85 

Thus, the focus of this study is on Indian MSME’s in general considering a case of locks 86 

manufacturing industry in particular. Typical activities in a lock manufacturing unit include 87 

casting, machining, finishing, sheet metal operations, electroplating, painting, and assembling the 88 

components in an assembly line; having a significant impact on the environment. However, to 89 

address the environmental issues, many researchers have identified critical indicators that may 90 

enable manufacturers to improve their environmental impact but it is not enough for 91 

manufacturers to merely know the critical-indicators, but also to understand the interdependence 92 

amongst each other. 93 

This study is further extended in order to explore the interdependence of the critical 94 

environmental indicators taking into account the views of industry professionals based on an 95 

integrated DEMATEL-MMDE-ISM approach (Singh & Bhanot, 2020). DEMATEL is a 96 

commonly utilized multi-criteria decision-making technique to analyze and solve complex 97 
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problems that involve interlinked factors. It checks the interdependence among factors by 98 

developing a map reflecting cause and effect relationship via matrices and identifies the critical 99 

factors. Further, MMDE is a scientific approach, which furnishes an appropriate threshold value 100 

for decision-making. However, ISM provides a hierarchical structure among interdependent 101 

factors wherein MICMAC analysis is conducted to assess the strengths of the relationship 102 

amongst the interlinked factors. The study intends to help manufacturing organizations to 103 

prioritize the most critical indicators to enhance their environmental performance. 104 

This paper is organised as follows: Section 1 presents the background and context of the study. 105 

Section 2 highlights related literature to describe the state of the art research in manufacturing 106 

sustainability assessment and discusses the gaps that exist in the published literature featured in 107 

the present study. Section 3 covers problem statements and critical environmental indicators 108 

relevant to manufacturing activities in the MSME sector. Section 4 contains the detailed 109 

description of the methodology adopted for the study. The findings of the present study are 110 

explained and further discussed in section 5. Section 6 presents the concluding remarks along 111 

with limitations and future scope in Section 7. 112 

2. Literature Review 113 

  This section presents the numerous studies on manufacturing sustainability assessment 114 

frameworks utilizing environmental indicators and hence, attempts to identify the existing 115 

research gaps. 116 

Veleva & Ellenbecker, (2001) proposed one of the earliest frameworks for sustainability 117 

assessment using the definition of sustainable production (LCSP, 1998). This framework 118 

proposed Twenty-two core indicators, comprising both quantitative and quantitative, along with 119 

guidelines of their implementation. However, GRI grouped Indicators into three major categories 120 

viz. economic, environmental, and social as highlighted in Figure 1 (GRI 2002, 2016). Similarly, 121 

World Summit on Social Development (2005) described the Environmental protection, 122 

Economic and Social development, as the three main pillars of sustainability (Roy and 123 

Pramanick 2019) being interdependent and mutually reinforcing. Using GRI guidelines, Samuel 124 

et al., (2013) recommended 30 indicators for the environmental performance assessment in 125 

Malaysian petrochemical industry.  126 



5 
 

 127 

Figure 1:  Classification of Sustainability Indicators (GRI 2002, 2016; Feil et al. 2015; 128 

Moldavska and Welo 2015). 129 

Kinderyte, (2010) emphasized the need for the SMEs based indicator systems for sustainability 130 

assessment and identified 24 quantitative and 20 qualitative indicators by systematically 131 

analyzing existing systems like Dow Jones & GRI indexes and further used the expert’s opinions 132 

to determine their significance. Winroth et al., (2016) opined that, a suitable set of indicators are 133 

necessary to enhance the sustainability at shop floor level as well. This study identified a set of 134 

27 indicators that could be useful for a production manager. 135 

Singh et al., (2014) recognized the need for developing indicators for assessment of 136 

manufacturing SMEs and proposed a broader list of indicators for SMEs. Similarly, Feil et al., 137 

(2015) proposed 26 indicators consisting of 12 environmental indicators, 7 each of social and 138 

economic indicators for manufacturing enterprises. Ahmad and Wong, (2019) also reviewed the 139 

indicators of sustainability for manufacturing sectors by taking into account of triple bottom line 140 

(environment, economy, and society) perspective.  141 

 Ocampo et al., (2016) proposed a fizzy hierarchy process based index for sustainable 142 

manufacturing using indicators. The developed model may be useful in identification of focus 143 

areas of the sustainability in manufacturing but required further confirmation using multivariate 144 

analysis. Bui et al., (2017) suggested a framework for sustainability assessment of the mining 145 

industry using a fuzzy AHP approach. It used 20 indicators comprising 9 economic, 8 146 

environmental and 3 social indicators, however, it did not take into account the interrelations 147 

between these indicators. Beekaroo et al., (2019) developed an index using a multiple regression 148 

model to enumerate the environmental effect of manufacturing activities. The authors concluded 149 
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that four economic, nine environmental, and two social indicators had a significant weightage in 150 

the quantified sustainability index. However, the index did not take into account the 151 

interdependence of indicators and had limited applications on small-medium enterprises. 152 

Kluczek, (2016) used the analytical hierarchy process to integrate activity areas requiring 153 

sustainability improvement with proposed technological changes and technology adopted to 154 

provide a rough infrastructure for sustainability assessment. The presented approach was found 155 

to be suitable for comparisons of different processes within the production system. 156 

Tseng et al., (2009) employed a combination of fuzzy theory and ANP approach to understand 157 

the interdependence between sustainable production indicators (SPI). To overcome the challenge 158 

of modeling, measuring, and integrating performance metrics Garbie, (2015) introduced a 159 

framework to investigate the links between “socio-economic, environmental-economic and 160 

social-environmental Sustainability” using a hypothetical example. A DEMATEL-MMDE-ISM 161 

based approach adopted by Bhanot et al., (2017) analyzed the gaps in the fundamental 162 

understanding of industry and academia professionals towards enablers and barriers in 163 

implementing sustainable manufacturing. The authors explored the reasons for differences in 164 

opinions of academia and industry professionals by utilizing, ten enablers and ten barriers that 165 

play a critical role in improving aspects of sustainability in manufacturing organizations. 166 

Gunasekaran & Spalanzani, (2012) emphasized the need to implement environmental friendly 167 

manufacturing and sustainable products to help organizations attain sustainability. Achieving 168 

sustainability in product manufacturing requires products to be assessed for sustainability which 169 

requires suitable methodologies and their integration with all dimensions of sustainability. A 170 

methodology for product sustainability assessment was developed by Ghadimi et al., (2012) 171 

utilizing the Fuzzy Analytical Hierarchy Process (FAHP) by assigning weights and concluded 172 

that Weighted Fuzzy Assessment Method (WFAM) helps in better decision making regarding the 173 

product’s sustainability improvements. A Product Sustainability Performance Index (PSPI) was 174 

proposed by Feng & Mai, (2016) for comparing the relative sustainability performance of 175 

products by utilizing quantitative and qualitative information for the assessment. 176 

When it comes to measuring sustainability implementation,  Eslami et al., (2019) reported that 177 

environmental dimension is the one of the most targeted area by researchers among all three 178 
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dimensions of sustainability. Material, water, energy and other resources utilized during the 179 

processes are some of the key areas of environmental performance. From the literature review, it 180 

is evident that indicators play a prominent role in understanding the adverse impact of 181 

manufacturing on the environment. In the recent past, researchers and agencies have extensively 182 

proposed new indicators and utilized them for environmental performance assessment. Thus, 183 

many studies have mainly focused on developing indicators based assessment frameworks for 184 

environmental performance in manufacturing industries. However, studies focused on the 185 

interdependent interactions among environmental indicators are very few. It is also evident that 186 

there is a scarcity of research to enhance the understanding of implementing environmental 187 

aspects towards the Indian MSME sector. Therefore, the agenda of this research work is to 188 

identify the critical indicators relevant to environmental performance aspect of manufacturing 189 

and further identifying the interdependent relations among indicators in the context of Indian 190 

MSME sector. In this perspective, such relationships will highlight the interaction between 191 

indicators and help in identifying the improvement areas of environmental performance. 192 

3. Problem Description 193 

Indian Micro Small and Medium Enterprises (MSMEs) are emerging as one of the largest, highly 194 

vibrant sectors of the Indian economy. It is one of the largest employers in the country, making 195 

up about 40% of employments from the organized sectors. There are around 19 million MSMEs 196 

and are helping in industrialization of rural and under-developed regions of the country. 197 

However, the manufacturing share of MSME in GDP is showing a declining trend over the last 198 

few years which is currently 6.11 percent approximately (CII 2018). 199 

To overcome the challenges faced by Indian MSMEs, the Indian government has taken 200 

numerous initiatives to revive the sector. However, many important initiatives like green 201 

manufacturing promoting environmentally friendly practices needs to be adopted at large scale in 202 

this sector. As per the estimates, Indian MSMEs chiefly depend on locally procured raw 203 

materials and other resources and at the same time contribute about 70 percent of industrial 204 

pollution (Singh et al., 2018). Therefore, this necessitates the need of MSMEs to adopt 205 

environmentally focused manufacturing practices for inclusive economic development. Increased 206 

generation of waste, greenhouse gases, land, and water are some of the major environmental 207 
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concerns considering which adopting green and environmentally friendly technologies is the 208 

need of the hour for Indian MSMEs in general. 209 

The present paper is an effort to study the environmental performance assessment issues among 210 

MSMEs in a selected industrial cluster of lock manufacturing units of Aligarh, Uttar Pradesh in 211 

India. The lock manufacturing industry of Aligarh contributes about 80 percent turnover of the 212 

Indian lock industry. This Lock industry cluster has around 2000 medium and small-scale 213 

industries. Products range include padlock, door lock, security locks, smart locks, and 214 

automotive lock, etc. while it primarily uses ferrous and nonferrous raw materials in production. 215 

Activities in a fully functional lock manufacturing units involve procuring raw material, 216 

designing and developing components, manufacturing lock components including keys, finishing 217 

each component, electroplating them, assembly, and quality control at each stage of 218 

manufacturing, packaging, and shipping/storage. Manufacturing processes employed in a unit 219 

includes casting, machining, finishing, sheet metal operations, electroplating, painting, 220 

assembling the components in the assembly line, etc. The machinery employed in lock 221 

manufacturing ranges from automatics, semiautomatic, and manual. However, the processes are 222 

either semiautomatic or manual owing to the large variety of components involved in locks 223 

production. 224 

With increasing emphasis on environmentally conscious manufacturing, there is an upsurge in 225 

the discussions linked to its benefits. However, there is a lack of awareness regarding the 226 

adoption of these practices and to measure environmental performance using indicators. While 227 

some organizations have started to use indicators for the assessment of environmental 228 

performance, implementation is slow due to a large number of indicators and a lack of 229 

comprehensive frameworks that could assist management in decision-making and strategy 230 

development. Thus, it is important to identify the critical indicators that can provide an effective 231 

framework for the assessment of environmental performance in the lock manufacturing sector. 232 

From our literature review in Section 2, one can observe that few researchers have provided a set 233 

of indicators that can be utilized for the environmental impact assessment of Indian small and 234 

medium-sized enterprises involved in manufacturing. Besides, there is a lack of research work 235 

that explores the interdependence among the environmental indicators for strategic 236 

implementation. This paper identifies the critical indicators of environmental performance by 237 
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exploring the literature and utilizes the views of industry professionals to establish 238 

interrelation/interdependence among indicators based on the methodology highlighted in Figure 239 

2 adopted for present study. 240 

 241 

 242 
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Figure. 2. Methodology for identifying cause and effect relationship between critical indicators 261 

 262 

 263 

The methodology depicted in Figure 2 intends to propose a comprehensive framework to 264 

understand the interdependence among the environmental indicators in our study. This 265 

framework utilizes three methods namely, DEMATEL, MMDE and ISM. DEMATEL provides 266 

the flexibility to evaluate the relationships among factors on a 0-4 integer scale and prioritizes 267 

the factors (indicators) based on the interactions and the significance of the effects of factors on 268 

each other. It further tells about the “Cause and Effect” relationship among multiple factors. 269 

After DEMATEL approach, the MMDE (maximum mean de-entropy) algorithm provides a cut-270 

Extensive review of literature on manufacturing 

containing Environmental Indicators 

Identification of Critical indicators  

Seeking industry expert’s opinion using a Questionnaire Survey to understand 

interdependence of Environmental indicators and their importance 

Application of integrated 
framework for the detailed analysis 1. DEMATEL 

3. ISM 

2. MMDE 

Hierarchical Structure for 
Environmental Indicators 

Discussion and comparisons of 
results and concluding remarks  
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off value for delineating the cause-effect relations among factors. Then, a hierarchal structure of 271 

environmental indicators is obtained by utilizing the ISM-MICMAC approach. 272 

 273 

4. Indicators of Environmental Performance 274 

Environmental impacts of manufacturing and allied activities on ecosystem, land, water and air 275 

is measured with the help of indicators. Since environmental protection has emerged as one of 276 

the major concerns for manufacturing organizations, a large no of indicators have been proposed 277 

to evaluate the progress, identify the deficiencies and make strategies towards improving 278 

environmental performance (Joung et al. 2013). Majority of environmental indicators are related 279 

to energy, materials, emission, waste, product design, water and land, etc. wherein the 280 

importance of these indicators have been well documented in many studies (Veleva and 281 

Ellenbecker 2001; Krajnc and Glavič 2003; Tseng et al. 2009; Amrina and Yusof 2011; Joung et 282 

al. 2013; Amrina and Vilsi 2015; Feil et al. 2015; Park and Kremer 2017; Sikdar 2019) 283 

It is very difficult to focus on fixed set of indicators that can be used universally in the context of 284 

manufacturing (Singh et al., 2012). In our previous study, we identified a total of 49 indicators 285 

(Table A1, Appendix A1) frequently used in context to manufacturing. After applying Pareto 286 

analysis, this study narrowed down to a list of 15 critical indicators frequently used by 287 

researchers. The selected indicators are discussed herewith. 288 

Energy Consumption (EN1): Energy consumption indicators provide a quantitative measure in 289 

attaining energy sustainability by manufacturing organizations (GRI 2002, 2018). This indicator 290 

measures the capability of an organization to use energy efficiently. Bui et al., (2017) described 291 

total energy consumption as the most significant factor in achieving Environmental protection 292 

goals in manufacturing. 293 

Renewable and Non-Renewable Energy Consumption (EN2): These indicators provide an 294 

insight in the manufacturing organizations success to use renewable energy and reducing the 295 

dependence on non-renewable sources (GRI 2002). Increased energy consumption from 296 

renewable sources shows the organizations commitment for improving environmental aspects 297 

(Lin et al., 2010). 298 
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Energy Intensity (EN3): This indicator determines input energy flows of the manufacturing 299 

unit. This is used to measure the ratios of energy usage that attribute energy efficiency on how 300 

manufacturing facility is using the energy (Kluczek 2016). The declining value of energy utilized 301 

per unit product means that the product is becoming more sustainable with respect to energy 302 

consumption. 303 

Recycling and Reuse of Water (EN4): Time and again, many researchers have recommended 304 

recycling and reuse of water due to limited availability of fresh supply of water (Veleva and 305 

Ellenbecker 2001; Krajnc and Glavič 2003; Anderson 2003). Further, this indicator helps in 306 

determining organizations efforts towards reducing their reliance on fresh water measures (GRI 307 

2002, 2016; Walsh et al. 2016). 308 

Amount of Water Consumption (EN5): Total water used by a manufacturing unit as a core 309 

indicator was proposed by Global Reporting Initiative (GRI 2002, 2016) to assess how 310 

efficiently water has been utilized. Total water consumed by a production unit or water 311 

consumed per unit product were used as indicators of water consumed by the manufacturing unit 312 

(Skerlos et al. 2008; Samuel et al. 2013). 313 

Fresh Water consumption (EN6): Veleva & Ellenbecker, (2001a) proposed fresh water 314 

consumption as an indicator for environmental performance due to its significant importance. 315 

Manufacturing activities like electroplating consume significant amount of clean water which is 316 

often obtained by withdrawing fresh water from water bodies and then cleaning it through 317 

treatment. The higher consumption of fresh water hence leads to adverse impact on biodiversity 318 

and lowering of water table. Therefore, a reduced fresh water consumption reflects the 319 

organizations improved environmental performance (GRI, 2016; Lin et al., 2010; Tseng, 2013).  320 

Solid Waste (EN7): Debris, Scrap parts, filter material, chips, etc. produced during 321 

manufacturing constitute major source of solid wastes. Many studies have utilized Solid Waste 322 

as an indicator measured in terms of ratio of mass or volume of solid waste generated to the solid 323 

used in manufacturing (Tan et al. 2015; Singh and Sultan 2018; Beekaroo et al. 2019). Park & 324 

Kremer, (2017) described quantity of solid waste generated as an important environmental 325 

indicator for manufacturing. Shashi et al., (2018) concluded that significant reductions in solid 326 

waste leads to significant environmental performance improvement in SME enterprises. 327 
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Waste Reduction and Management (EN8): This indicator refers to the total waste by weight 328 

and disposal method (Veleva and Ellenbecker 2001; GRI 2002, 2016, 2018). This is particularly 329 

an important indicator as waste minimization and resource preservation has a direct effect on 330 

environmental performance. Bour et al., (2019) concluded that a good waste management policy 331 

involving reuse, recycling and waste reduction among other practices not only improved 332 

environmental performance but results in increased profit margin as well. Waste minimization 333 

and promotion of recycling of material is found to have high correlation in context of 334 

implementing environment friendly practices in Indian manufacturing (Gupta et al. 2018). 335 

Water Pollution (Discharge of effluent and pollutant) (EN9): This indicator quantitatively 336 

provides information about water effluents discharged by the manufacturing unit. Some of the 337 

most toxic substances in the wastewater include heavy metals and volatile organic compounds 338 

(VOCs), originating from manufacturing activities such as cooling, lubricating coating and 339 

cleaning. Such pollutants and effluents present in discharged water create concerns like 340 

biochemical oxygen demand in water bodies, grease, fats, oils, and Water acidification. Feil et 341 

al., (2019) identified wastewater effluents a critical indicator to measure the environmental 342 

performance of manufacturing in SMEs. 343 

Recycled Materials (EN10): The efficient use of material is achieved by adapting technologies 344 

for recycling and reprocessing of material. Recycled material consumption and reused materials 345 

have been frequently used as indicators of environmental performance. Many studies have 346 

measured recycled material in terms of percentage of materials used that are recycled input 347 

materials (Azapagic et al., 2016; Fan et al., 2010; GRI, 2016). This indicator recognizes the 348 

organization’s ability and its success to use recycled input materials for achieving environmental 349 

protection goals with respect to materials consumption. 350 

Material Consumption (EN11): Inefficient utilization of material in manufacturing leads to not 351 

just pollution in the form of waste but also puts an extra cost of handling the waste (Gupta et al. 352 

2015). So material indicator relates to the conservation of materials measured in terms of weight 353 

and volume. Material consumption consist of the raw materials needed for production, associated 354 

materials, non-renewable materials, semi-finished parts used in manufacturing (GRI 2002, 2016). 355 

Quantitatively this indicator is measured as Material use per unit of production on mass basis 356 
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like kg/PU (Krajnc and Glavič 2003) or m3/PU (Veleva et al. 2001; Fan et al. 2010; Winroth et 357 

al. 2016). 358 

Total Air Emissions (EN12): This indicator takes into account all the gaseous emissions like 359 

taking CO2, SOx, NOx and persistent organic pollutants (POP) (GRI 2002, 2016). The air 360 

pollution indicators are a reliable systematic way of measuring environmental impacts and air 361 

emissions are generally measured in conjunction with wastewater and solid waste (Ahmad et al. 362 

2019). Air emission as an indicator for evaluating the environmental impact has been used in 363 

different contexts such as cement manufacturing (Amrina et al., 2016), die-casting process 364 

planning (Singh et al., 2012), Indian Electrical Panel Industries (Gupta et al. 2015), etc. 365 

Greenhouse Gas Emissions (EN13): Carbon Dioxide Emissions and Air Pollution are useful air 366 

quality related indicators (Park and Kremer 2017). Kai et al., (2016) proposed Global Warming 367 

Potential (GWP) in terms of CO2 or equivalent and potential acidification indicators measured in 368 

terms of SO2 or equivalent as useful air quality related indicators for sustainable additive 369 

manufacturing in medium and large enterprises. 370 

Green Product Design (EN14): It refers to design of  products that can be disassembled, reused 371 

or recycled being free of hazardous materials (Veleva and Ellenbecker 2001; Güngör 2006) and 372 

has been found to be an important indicator for assessing environmental performance for 373 

manufacturing activities (Fan et al. 2010). A product developed with high ability of recycling, 374 

reuse, remanufacturing and reprocessing attributes contributes to the efficient utilization of 375 

resources.  376 

Land Pollution/Soil Protection (EN15): Manufacturing units generate large amount of different 377 

wastes which requires land area for disposal. It leads to the degradation of land quality and 378 

pollution of water bodies and eventually some of these wastes also cause air pollution (Zhu 379 

2016). This indicator hence provides information about the amount of pollutant directly going to 380 

the nearby lands, landfills (Veleva & Ellenbecker, 2001a). 381 

Thus, based on the identification of critical indicators, an integrated framework has been applied, 382 

the details of which have been presented in the next section. 383 

 384 
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4. Method 385 

The present work integrates DEMATEL, MMDE, and ISM techniques to identify interdependent 386 

relations among critical environmental indicators (Singh & Bhanot, 2020). There is a specific 387 

reason behind the selection of each techniques and the entire integrated approach in particular for 388 

the present work. DEMATEL provides flexibility in evaluating the interactions on an appropriate 389 

scale of 0-4 among factors (indicators) under consideration. However, integrating results 390 

obtained from DEMATEL with ISM requires threshold value, for which many researchers rely 391 

on discussion with a group of experts. This method of setting threshold value is time-consuming 392 

and requires several rounds of discussion with experts until all of them agree on a common 393 

value. This problem is resolved by the MMDE method, which is a scientific algorithm to 394 

determine a suitable threshold value by utilizing entropy calculations. ISM is an established 395 

technique to construct the hierarchical structure, by identifying the interrelationships among the 396 

factors. Researchers often use ISM in combination with MICMAC analysis. The MICMAC 397 

analysis, based on the multiplication properties of matrices, is used to analyze the strengths of 398 

the relationships between the factors. Step-by-Step procedure for each method is explained in the 399 

following sections: 400 

4.1. DEMATEL 401 

Decision Making Trial and Evaluation Laboratory (DEMATEL) is a MCDM technique used to 402 

solve complicated decision-making problems involving intertwined factors. DEMATEL is a 403 

structural modeling approach based on graph theory. This technique solves problems visually by 404 

developing structural models and useful in analyzing cause and effect relations among factors 405 

having complicated causal relationships (Bacudio et al. 2016). DEMATEL helps in identifying 406 

the most influential factors among a set of interdependent factors (Wu and Lee 2007). 407 

This technique is used extensively in solving a variety of problems e.g. supplier selection for 408 

green supply chain (Hsu et al., 2013); cost effective sustainable manufacturing system (Nujoom 409 

et al. 2019): enablers and barriers related to sustainable manufacturing (Bhanot et al. 2017); 410 

challenges in implementing environmental sustainability in automobile manufacturing 411 

(Mathiyazhagan et al. 2018); structured model for drivers of sustainable consumption and 412 
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production (Luthra et al. 2017), etc. The DEMATEL analysis has been done using Python 413 

program wherein algorithm has been developed based on existing steps (Hsu et al. 2013). The 414 

DEMATEL steps followed for this study are explained as follows: 415 

Step I: Collect opinions from industry professionals using individual direct-influence matrix 416 

based Questionnaire. 417 

For this study, 23 industry professionals having adequate knowledge and expertise of lock 418 

manufacturing industry were contacted through phone, email and personal visits. Out of these 23 419 

professionals, 16 were interested in this research.  A standard individual direct-influence matrix 420 

based Questionnaire was prepared and sent to these 16 industry professionals. Each expert was 421 

informed about the scope of the study and relevant information was provided with the 422 

questionnaire. However, to avoid any bias in the responses, any meeting and data sharing among 423 

experts was avoided. Subsequently, ten complete responses were obtained for further analysis. 424 

Step II:  Compute the Average Matrix using individual direct-influence matrices collected from 425 

industry professionals. 426 

The industry professionals indicated the degree to which an indicator in "𝑖"th row influences the 427 

indicator in "𝑗"th column. Using an integer scale of 0 to 4, the experts indicated the extent of 428 

influence of indicator in "𝑖"th row on the indicators in "𝑗"th column; indicating “No influence (0)”, 429 

“Low influence (1)”, “Medium Influence (2)”, “High influence (3)” and “Very High Influence 430 

(4)”. 431 

Let 𝑥𝑖𝑗𝑘  represents the extent of influence of indicator in in "𝑖"𝑡ℎ row on the indicator in "𝑗"𝑡ℎ 432 

column estimated by expert “𝑘”. This will give a 𝑛 × 𝑛 non-negative matrix for each respondent 433 

represented by 𝑋𝑘 = [𝑥𝑖𝑗𝑘 ]𝑛×𝑛Where 𝑋𝑘   is called individual direct-influence matrix and 434 

principle diagonal elements (𝑖 = 𝑗) for all respondent's matrix is 0. So, an 𝑛 × 𝑛 average matrix 435 (𝐴) can be calculated by aggregating all individual direct-influence matrices obtained from 436 

industry professionals as per the equation (1): 437 
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𝐴 = [𝑎𝑖𝑗]𝑛×𝑛 = 1ℎ ∑ 𝑥𝑖𝑗𝑘ℎ
𝑘=1                                                                                                                        (1)  438 

Step III: Calculate Normalized Initial Direct Relation Matrix (𝐷). 439 

It can be obtained from average matrix (𝐴), as per the equation (2): 440 

𝐷 = 𝐴𝑆                                                                                                                                                              (2) 441 

𝑆 = 𝑚𝑎𝑥 (𝑚𝑎𝑥 1≤𝑖≤𝑛 ∑ 𝑎𝑖𝑗𝑛
𝑗=1 ,   𝑚𝑎𝑥1≤𝑖≤𝑛 ∑ 𝑎𝑖𝑗𝑛

𝑖=1 )                                                                             (3) 442 

Where, s > 0 443 

Step IV: Calculate Total Relation Matrix(𝑇𝑅𝑀). 444 𝑇𝑅𝑀 is computed from normalized direct influence matrix (𝐷) by utilizing the relation shown in 445 

equation (4):     446 

𝑇𝑅𝑀 = [𝑡𝑖𝑗]𝑛×𝑛 = 𝐷(𝐼 − 𝐷)−1                                                                                                                  (4) 447 

Where, I is an 𝑛 × 𝑛 Identity matrix. 448 

Step V: Calculate 𝑅  and 𝐶   from  𝑇𝑅𝑀  . 449 

𝑅 and 𝐶 are 𝑛 × 1 and 1 × 𝑛 vectors respectively, where R represents the sum total of rows 450 

whereas C represents sum total of columns of the matrix 𝑇𝑅𝑀 and calculated as per equations 5 451 

and 6: 452 

𝑅 = [𝑟𝑖]𝑛×1 = [∑ 𝑡𝑖𝑗𝑛
𝑗=1 ]𝑛×1                                                                                                                        (5) 453 
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𝐶 = [𝑐𝑗]1×𝑛 = [∑ 𝑡𝑖𝑗𝑛
𝑖=1 ]1×𝑛                                                                                                                        (6) 454 

Here, 𝑟𝑖 indicates the sum of total influence exerted by the 𝑖th indicator on other indicators and 455 

obtained by adding the 𝑖th row elements of matrix 𝑇𝑅𝑀. Similarly,  𝑐𝑗 represents the total 456 

influence received by 𝑗th indicator from the other indicators and obtained by adding the 𝑗th 457 

column elements of matrix 𝑇𝑅𝑀. 𝑅 + 𝐶 and 𝑅 − 𝐶 are called “Prominence” and “Relation” 458 

respectively. 𝑅 + 𝐶 denotes the degree of determining role played by the indicator (i.e. the 459 

influence or Prominence given or received of the indicator) while 𝑅 − 𝐶 represents the net effect 460 

produced by a factor (i.e. the degree of one factor being influenced or casual influence by other 461 

factors) (Si et al. 2018).  462 

Step VI:  Preparing a Causal Diagram. 463 

A cause-effect plot is prepared with 𝑅 + 𝐶 (prominence) on horizontal axis and 𝑅 − 𝐶 (relation) 464 

on vertical axis. Positive 𝑅 − 𝐶 values indicates that factor belongs to cause group, whereas, 465 

negative 𝑅 − 𝐶 values means factor belongs to effect group i.e. such factors are influenced by 466 

the other factors. 467 

4.2. MMDE Algorithm 468 

The main advantage of DEMATEL methodology is that it quantifies the degree of significance 469 

furthermore highlights the strength of various factors among themselves. The total relation 470 

matrix (TRM) derived from DEMATEL can be further utilized to get a hierarchical structure 471 

(impact-relations map) by the application of ISM technique. However, before applying ISM, a 472 

suitable threshold value is chosen and mostly determined by taking the opinion of experts or 473 

decision-makers. In this context, MMDE (Maximum mean de-entropy) algorithm (Chung-Wei 474 

and Gwo-Hshiung 2009) is the only scientific technique that provides a reliable threshold value 475 

and eliminates the need for experts. MMDE algorithm, uses the entropy approach in combination 476 

with de-entropy and mean de-entropy. For this study, a Python code for MMDE algorithm has 477 

been prepared and steps for obtaining threshold value using MMDE algorithm are described as 478 

follows: 479 
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Step I: Transform total relation matrix 𝑻𝑹𝑴 of order 𝑛 × 𝑛 into an ordered set TRM namely, 480 {𝒕𝟏𝟏 , 𝒕𝟏𝟐, … , 𝒕𝟐𝟏, 𝒕𝟐𝟐, … , 𝒕𝒏𝒏}. Subsequently, the elements of set TRM are rearranged in descending 481 

order, and then transformed to a ordered triplet (𝒕𝒊𝒋, 𝒙𝒊, 𝒙𝒋) set denoted by 𝑇𝑅𝑀∗ . 482 

Step II: Obtain the dispatch-node set 𝑻𝑫𝒊  by taking out the second element from 𝑻𝑹𝑴∗ . The 𝑻𝑫𝒊  483 

can be defined as follows:: 484 

𝑻𝑫𝒊 = {𝑥𝑖} = {𝑥1, 𝑥2, 𝑥3, … … … … … . 𝑥𝑛×𝑛}                                                                                           (7) 485 

Step III: calculate the mean de-entropy of 𝑻𝑫𝒊. Make a new set 𝑻𝒕𝑫𝒊 from 𝑻𝑫𝒊 by taking its first t 486 

elements, where, 𝑡 = 1,2,3 … … … … … … . . 𝐶(𝑻𝑫𝒊), and 𝐶(𝑻𝑫𝒊) represents the no of variables. 487 

Similarly, 𝑵(𝑻𝑫𝒊) corresponds to the No of variables with distinct value and used to determine 488 

the probabilities of different elements.  489 

Furthermore, determine 𝑯𝑫𝒊 of  𝑻𝒕𝑫𝒊, then find 𝑯𝒕𝑫𝒊 by using relation as per equation (8). 490 

 491 𝑯𝒕𝑫𝒊 = 𝐻 [ 1𝑵(𝑻𝑫𝒊) , 1𝑵(𝑻𝑫𝒊) , … … … … … 1𝑵(𝑻𝑫𝒊) ] − 𝐾 [ 𝑘1𝑪(𝑻𝑫𝒊) , 𝑘2𝑪(𝑻𝑫𝒊) , … … … … … 𝑘𝑡𝑪(𝑻𝑫𝒊)]                     (8)        492 

Now determine mean de-entropy (𝑴𝑫𝑬𝒕𝑫𝒊) values according to equation (9)              493 𝑴𝑫𝑬𝒕𝑫𝒊 = 𝑯𝒕𝑫𝒊𝑵(𝑻𝒕𝑫𝒊)                                                                                                                                            (9)                          494 

Where 𝑘 represents the frequency of variable 𝑥𝑖. 495 

Step IV: From 𝑪(𝑻𝑫𝒊) mean de-entropy values select the maximum  𝑴𝑫𝑬𝒕𝑫𝒊 designate it as 496 𝑻𝒎𝒂𝒙𝑫𝒊 . 497 

𝑻𝒎𝒂𝒙𝑫𝒊 = max(𝑴𝑫𝑬𝒕𝑫𝒊) = {𝒙𝟏, 𝒙𝟐 … … … … … … 𝒙𝒕𝒎𝒂𝒙}                                                                    (10)  498 

Step V: Derive an ordered receive-node set 𝑻𝑹𝒆 and 𝑻𝒎𝒂𝒙𝑹𝒆 (maximum mean de-entropy receive-499 

node set) by following procedure similar to step 2 to 4. 500 

Step VI: The maximum information set is constructed and threshold value is determined. This is 501 

done by creating a subset, 𝑻𝑻𝒉, from the first u elements of triple set 𝑻𝑹𝑴∗ . 𝑻𝑻𝒉, consist of all 502 
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elements of 𝑻𝒎𝒂𝒙𝑫𝒊  and 𝑻𝒎𝒂𝒙𝑹𝒆  in dispatch-node and receive-node respectively. The least influence  503 

value in 𝑻𝑻𝒉 is the threshold value, and the process is summarized in equation (11) as follows: 504 

𝑻𝑻𝒉 = {𝒕𝒊𝒋, 𝑻𝒎𝒂𝒙𝑫𝒊 (𝒙𝒊), 𝑻𝒎𝒂𝒙𝒓𝒆 (𝒙𝒋)}                                                                                                            (11) 505 

4.3. ISM 506 

Interpretive Structural Modelling (ISM) is used to ascertain the relationship amongst selected 507 

factors (indicators). Through ISM, a group of different but directly interrelated factors are 508 

structured into a well-defined systematic model (Hussain et al. 2016).  ISM helps in  509 

constructing, a comprehensive multilevel model can be constructed by dividing a complex set of 510 

factors in to several smaller set of factors (Talib et al. 2011; Sarabi et al. 2020) thereby helping to 511 

turn loosely visualized models into well-defined, clearly articulated  ones. 512 

Steps followed for ISM method are as follows: 513 

Step I: Initial Reachability matrix (𝐼𝑅𝑀) has been considered for ISM. 𝐼𝑅𝑀 is derived by 514 

transforming total relation matrix (𝑇𝑅𝑀) into a matrix having 0 and 1 after the application of 515 

threshold value obtained by MMDE algorithm.. 516 

Step II: Modify the initial reachability matrix (𝐼𝑅𝑀) by checking it for transitivity i.e. if factors 517 𝑿 and 𝒀 are related and 𝑿 is related to another factor 𝒁, then it means that 𝒀 is necessarily 518 

related to 𝒁. After checking for all the transition links, initial reachability matrix (𝐼𝑅𝑀)   519 

transforms to a final reachability matrix (𝐹𝑅𝑀) is obtained. 520 

Step III: For each factor, antecedent sets and reachability sets are derived. The final reachability 521 

matrix (𝐹𝑅𝑀) partitioned in to different level through a series of iterations based on antecedent 522 

and reachability sets. 523 

Step IV: Prepare a diagraph plot based on the level portioning (step III) of the factors by 524 

removing transitive links. 525 

Step V: Transform the Digraph into an ISM model by adding statements in place of nodes. 526 
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Step VI: MICMAC analysis carried to obtain dependence and driver power of the factors 527 

(indicators) and obtain key factors that drive the system(Talib et al. 2011). In accordance to the 528 

factors, driver and dependence power, MICMAC analysis classifies factors into four clusters 529 

presented as follows: 530 

Cluster I: Autonomous Factors – These factors are relatively cut off from the system and 531 

have weak or no dependence on other factors. 532 

Cluster II: Dependent Factors – These are primarily dependent on other factors. 533 

Cluster III: Linkage Factors – These are connecting factors that are unstable and mostly 534 

influence others.  535 

Cluster IV: Independent Factors – These have weak influence from others factors and 536 

have to be paid maximum attention owing to the strong key factors. 537 

5. Results and Discussion: 538 

In this section, the results obtained from the application of the integrated framework on the lock 539 

manufacturing industries belonging to MSME sector of India is presented and discussed in detail 540 

as per the opinion of industry professionals.  541 

Integrated approach of analyzing the Environmental Indicators 542 

According to the description in the method section, the DEMATEL approach was applied after a 543 

pair-wise comparison of the indicators of lock manufacturing units belonging to Indian MSMEs.  544 

An Average Matrix (Tav) (Appendix A2) was prepared depending on the opinions of the 545 

industry professional, which were recorded through a questionnaire. 546 

An Average Matrix plot was prepared as per the pair-wise comparison for better understanding 547 

(Figure 3) with dark shades presenting higher impact. Figure 3 clearly shows that 𝐸𝑁1and 𝐸𝑁2 548 

have the highest impact on 𝐸𝑁13, which is evident from the high average values of 3.8 in each 549 

case. Similarly, 𝐸𝑁6 has the highest impact on 𝐸𝑁4, which is obvious from the high average 550 

value of 3.8. 551 

Likewise, the high impact of 𝐸𝑁4 on 𝐸𝑁5 and 𝐸𝑁10; 𝐸𝑁11 on 𝐸𝑁7; and 𝐸𝑁13 on 𝐸𝑁3 is evident 552 

from the high average value of 3.6 in each pair. As the impact of row indicators on column 553 
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indicators decreases, the shade of the corresponding cell becomes lighter. For better 554 

understanding, a scale is given alongside the average matrix plot. Based on the Average Matrix 555 (Tav)  (Figure 3 and Appendix A2), a Total Relation Matrix (TRM) is prepared as shown here. 556 

 557 

Figure 3: The Average Matrix plot for Environmental indicators  558 

 559 
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 560 

This cause and effect analysis (Appendix A3) is further presented graphically in the form of a 561 

casual diagram of indicators (Figure 4). The X-axis represents the Degree of Prominence (𝑅 +562 𝐶), denoting the degree of determining role played by an indicator or in other words, it 563 

represents the influence (Prominence) given or received of the indicators. While Y-axis 564 

represents Casual Degree (𝑅 − 𝐶), which represents the net effect produced by an indicator i.e. 565 

the degree of one indicator being influenced (casual influence) by other indicators. So 566 

environmental indicators having positive 𝑅 − 𝐶 values belongs to cause group i.e. such 567 

indicators have net influence over others. Whereas, indicators having negative 𝑅 − 𝐶 values 568 

belong to effect group i.e. such indicators are influenced by the other indicators. 569 

From Appendix A3 and Figure 4, it is evident that based on prominence, (R+C) indicators can be 570 

arranged as 𝐸𝑁8 > 𝐸𝑁13 > 𝐸𝑁12 > 𝐸𝑁11 > 𝐸𝑁7 > 𝐸𝑁4 > 𝐸𝑁10 > 𝐸𝑁4 > 𝐸𝑁9 > 𝐸𝑁3 >571 𝐸𝑁1 > 𝐸𝑁2 > 𝐸𝑁15 > 𝐸𝑁5 > 𝐸𝑁6. However, it can be observed from the R-C values that 𝐸𝑁14,572 𝐸𝑁2, 𝐸𝑁4, 𝐸𝑁3, 𝐸𝑁11, 𝐸𝑁10, 𝐸𝑁5 and 𝐸𝑁9 belong to the cause group, whereas 𝐸𝑁6, 𝐸𝑁8,573 𝐸𝑁1, 𝐸𝑁15, 𝐸𝑁12, 𝐸𝑁13 and 𝐸𝑁7 belong to the effect group.  574 

𝑻𝑹𝑴 = 
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 575 

Figure 4: Casual Diagram for Environmental Indicators  576 

 577 

After DEMATEL analysis, a final threshold value of 0.22 was obtained by applying MMDE 578 

algorithm on the Total Relation Matrix (𝑇𝑅𝑀). By utilizing this threshold value, the Total 579 

Relation Matrix (𝑇𝑅𝑀) was transformed into Initial Reachability Matrix (𝐼𝑅𝑀) so that the 580 

structural relationship between the indicators can be obtained. The cell values of  𝑇𝑅𝑀 above 0.22 581 

(Threshold value) were replaced by 1 while the other cell values were replaced by 0; hence, the 582 

Initial Reachability Matrix 𝐼𝑅𝑀 consisted of cell values 0 and 1. 583 

Based on the Initial Reachability Matrix (𝐼𝑅𝑀), the ISM technique was applied, and a digraph 584 

plot was prepared. The digraph plot shown in Figure 5 clearly indicated the significant impact 585 

of 𝐸𝑁14 (shown by No 14) on the other indicators as well as the lack of participation of 586 

indicators 𝐸𝑁5 and 𝐸𝑁6. The Initial Reachability Matrix (𝐼𝑅𝑀) was subsequently transformed 587 

into a Final Reachability Matrix (𝐹𝑅𝑚) after checking it for transitive relationships. 588 
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 606 

Figure 5: Digraph plot for Environmental Indicators  607 
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𝑰𝑹𝑴 = 
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 610 

The reachability and antecedent sets (Table 1) of Environmental indicators were derived from 611 

the Final Reachability Matrix (𝐹𝑅𝑀). For a given indicator, the “reachability set” includes the 612 

indicator itself and indicators, which it may affect, while the “antecedent set” consisted of the 613 

indicator itself and indicators affecting it. Subsequently, the intersection of both sets obtained for 614 

all indicators and level of each indicator is determined. The indicators having same reachability 615 

and the intersection sets occupy the first level. In order to assess the next level indicators, the 616 

first level indicators were then isolated from the other indicators for the next stage-iteration. The 617 

same procedure was repeated until the level was identified for each indicator. 618 

Table 1 shows the level partitioning of environmental indicators to be placed in the ISM model. 619 

In the table, the number inside the sets table (i.e., Reachability Set, Antecedent Set, and 620 

Intersection Set) represented the respective indicator. For example, the set number [1, 3, 7, 8, 9, 621 

11, 12, 13] in the reachability set against the factor 𝐸𝑁1 meant a set of [𝐸𝑁1, 𝐸𝑁3, 𝐸𝑁7, 𝐸𝑁8, 622 𝐸𝑁9, 𝐸𝑁11, 𝐸𝑁12, 𝐸𝑁13] indicators and so on.. However, the numbers related to the Levels as 623 

given in the column indicated the Rank of the indicator. 624 

On the basis of the levels assigned (Table 1) to various environmental indicators, statistically 625 

valid structural ISM model was prepared and presented in Figure 6. Arrows further link the 626 

indicators based on the relations derived from the Initial Reachability Matrix (𝐼𝑅𝑀). It can be 627 

seen from the ISM model (Figure 6) that 𝐸𝑁14 is the most critical indicator of environmental 628 

𝑭𝑹𝑴= 
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performance in lock manufacturing. Thus, indicators measuring environmental concerns at the 629 

product design level were found to be significantly affecting other indicators. 630 

Table 1: Level Partitioning of Environmental Indicators 631 

Factors Reachability Set Antecedent Set 
Intersection 

Set 
Levels 𝐸𝑁1 [1, 7, 8, 11, 12, 13] [1, 14] [1] 3 𝐸𝑁2 [2, 7, 8, 11, 12, 13] [2] [2] 3 𝐸𝑁3 [3, 7, 8, 11, 12, 13] [3, 14] [3] 3 𝐸𝑁4 [4] [4, 14] [4] 1 𝐸𝑁5 [5] [5] [5] 1 𝐸𝑁6 [6] [6] [6] 1 𝐸𝑁7 [7] [1, 2, 3, 7, 8, 10, 11, 12, 13, 14] [7] 1 𝐸𝑁8 [7, 8, 11, 12, 13] [1, 2, 3, 8, 10, 11, 12, 13, 14] [11, 12, 13, 8] 2 𝐸𝑁9 [9] [9, 14] [9] 1 𝐸𝑁10 [7, 8, 10, 11, 12, 13] [10, 14] [10] 3 𝐸𝑁11 [7, 8, 11, 12, 13] [1, 2, 3, 8, 10, 11, 12, 13, 14] [11, 12, 13, 8] 2 𝐸𝑁12 [7, 8, 11, 12, 13] [1, 2, 3, 8, 10, 11, 12, 13, 14] [11, 12, 13, 8] 2 𝐸𝑁13 [7, 8, 11, 12, 13] [1, 2, 3, 8, 10, 11, 12, 13, 14] [11, 12, 13, 8] 2 𝐸𝑁14 

[1, 3, 4, 7, 8, 9, 10, 11, 
12, 13, 14, 15] 

[14] [14] 4 𝐸𝑁15 [15] [14, 15] [15] 1 
 632 

 633 

Figure 6: ISM model for Environmental Indicators 634 
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 635 

Figure 7: MICMAC Analysis of Environmental Indicators 636 

MICMAC was used to test the intensity of the correlation between dependency and driving 637 

powers of indicators. Based on their dependency and driving powers the indicators had been 638 

classified into four clusters as evident from figure 7.  639 

Cluster-I represented the autonomous indicators having weak driving and dependence power. 640 

This cluster constituted nine (𝐸𝑁1, 𝐸𝑁2, 𝐸𝑁3, 𝐸𝑁4, 𝐸𝑁5, 𝐸𝑁6, 𝐸𝑁9, 𝐸𝑁10, 𝐸𝑁15) indicators 641 

(60%), i.e., Energy Consumption (𝐸𝑁1), Renewable and Non-Renewable Energy Consumption 642 

(𝐸𝑁2), Energy Intensity (𝐸𝑁3), Recycling and reuse of water (𝐸𝑁4), Amount of Water 643 

Consumption (𝐸𝑁5), Use of fresh water (𝐸𝑁6), Recycled Materials (𝐸𝑁10), and Land 644 

pollution/Soil Protection (𝐸𝑁15). Cluster-II presented the dependence indicators with weak 645 

driving power but having strong dependence power. 33.33.% indicators were identified under 646 

cluster-II , which were Solid waste (𝐸𝑁7), Waste Reduction and Management (𝐸𝑁8), Material 647 

consumption (𝐸𝑁11), Total Air Emissions (𝐸𝑁12), and Greenhouse Gas Emissions (𝐸𝑁13). From 648 

the model, it is evident that 𝐸𝑁8, 𝐸𝑁11, 𝐸𝑁12, and 𝐸𝑁13 only affected 𝐸𝑁7 and generally had 649 

mutual effect among themselves. However, all these indicators were greatly affected by level 3 650 

and level 4 indicators. Cluster-III represented the linkage indicators; however, no indictor fell in 651 

I 

IV 

II 

III 
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this cluster. Cluster-IV consisted of indicators having strong driving power but weak dependence 652 

power. Only one indicator (6.67%), i.e., Green product design (𝐸𝑁14) was found under this 653 

cluster and it played a governing role in environmental performance of lock manufacturing. 654 

Discussion on significant relationships between the Environmental Indicators 655 

Green product design (𝐸𝑁14) has significant effect on eleven indicators that emphasizes on 656 

recycling like Recycling and reuse of water (𝐸𝑁4), Recycled Materials (𝐸𝑁10). Similarly, 𝐸𝑁14 657 

is found to significantly affect the waste reduction and pollution control indicators like Solid 658 

waste (𝐸𝑁7), Waste Reduction and Management (𝐸𝑁8), Water pollution (𝐸𝑁9), Total Air 659 

Emissions (𝐸𝑁12), Greenhouse Gas Emissions (𝐸𝑁13), and Land pollution/Soil Protection 660 

(𝐸𝑁15). Indicators involving resource consumption such as Energy Consumption (𝐸𝑁1), Energy 661 

Intensity (𝐸𝑁3), and Material consumption (𝐸𝑁11) are also found to be significantly affected by 662 𝐸𝑁14. Developing a product with high ability to recycle and reuse contributes to the conservation 663 

of natural resources (Huysman et al. 2015). Therefore, managers must incorporate practices, 664 

which enable designing of  products  using free hazardous materials so that these materials can 665 

be disassembled, reused or recycled (Tseng 2013). 666 

Renewable and Non-Renewable Energy Consumption (𝐸𝑁2) not only has significant effect on 667 

Total Air Emissions (𝐸𝑁12) and Greenhouse Gas Emissions, but it also significantly affects 668 

Waste Reduction and Management (𝐸𝑁8). A major portion of environmental pollution from 669 

manufacturing industries is a direct outcome of energy used from non-renewable energy sources. 670 

Hence, using the renewable energy sources will automatically result in reduced air emission 671 

(Jovane et al. 2008; Tseng et al. 2013; Martinico-Perez et al. 2018) . 672 

Material consumption (𝐸𝑁11) has significant impact on indicators like solid waste (𝐸𝑁7), waste 673 

reduction and management (𝐸𝑁8), Total Air Emissions (𝐸𝑁12), and Greenhouse Gas Emissions 674 

(𝐸𝑁13), so it has a critical role in the enhancement of environmental performance in the 675 

manufacturing sector. Material consumption (𝐸𝑁11) as an indicator measures the efficient 676 

utilization of material, and material efficiency is closely associated with three major objectives of 677 

any manufacturers, namely, reducing materials cost, reducing waste (generation of all kinds and 678 

its handling), and reducing environmental pollution from manufacturing activities (Ho et al. 679 

2019). 680 
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Waste reduction and management (𝐸𝑁8) indicator is affected by the indicator, recycling of 681 

materials (𝐸𝑁10), apart from 𝐸𝑁2, 𝐸𝑁11, and 𝐸𝑁14 as discussed above. The adoption of effective 682 

strategies and techniques for waste management conserves resources, reduces raw material 683 

consumption, encourages recycling and reuse of materials, minimizes environmental and land 684 

pollution and prevents health and social problems (Singh et al. 2018). Latif et al., (2017) 685 

observed that high material recycling percentage coupled with an effective waste management 686 

strategy results in higher waste management index, which increases the environmental 687 

performance score in manufacturing organization. 688 

Greenhouse Gas Emissions (𝐸𝑁13) is significantly affected by Energy Consumption (𝐸𝑁1) and 689 

Energy Intensity (𝐸𝑁3) apart from the indicators discussed earlier in this section. Therefore, 690 

reducing energy consumption and improving energy efficiency are considered as important 691 

parameter (Joung et al. 2013; Nulkar 2014; Bekun et al. 2019; Mavi and Mavi 2019; Akdag and 692 

Yıldırım 2020) for diminishing greenhouse gas emission and enhancing environmental 693 

performance in lock manufacturing.  694 

It can be inferred from the above discussion that the incorporation of recycling and reuse in the 695 

products design will play a significant role in enhancing environmental performance of lock 696 

manufacturing industries belonging to the MSME sector; hence, the indicator 𝐸𝑁14 will 697 

prominently affect other indicators. The environmental impacts specific to a product are largely 698 

determined during the design stage; therefore, it is amply beneficial to take product design 699 

decisions that facilitates environmentally conscious manufacturing (Ilgin and Gupta 2010; 700 

Haapala et al. 2013). Hence, the design of lock components should incorporate concepts like 701 

design for recycling, design for disassembly to achieve reduction in the demand of raw materials, 702 

and mitigating the burden on ecosystem (soil contamination/land for waste disposal, air and 703 

water pollution) (Krajnc and Glavič 2003; Rizova et al. 2020). With increase in the percentage of 704 

products that can be recycled, reused, and free from hazardous substance, it is obvious that the 705 

organization is moving toward greater environmental performance (Veleva and Ellenbecker 706 

2001). The other cause and effect relations discussed here have been acknowledged by 707 

researcher and industry professional in many  studies (Boyden et al., 2016; Kai et al., 2016; 708 

Ocampo et al., 2015; Park & Kremer, 2017; Vinodh et al., 2014; Zarte et al., 2018). 709 
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6. Conclusions: 710 

This study analyzed the interdependence among the environmental performance indicators in 711 

Indian Lock manufacturing industry belonging to the MSME sector. As it is not feasible to 712 

utilize large number of indicators for environmental performance assessment, the study focused 713 

on 15 critical environmental indicators identified from the literature. The interdependence 714 

relation was analyzed by taking into account the opinions of industry professional. Hence, the 715 

results highlighted the importance of incorporating sustainability at the product design level, 716 

which emphasized on the fact that Green product design (𝐸𝑁14) has high driving power and 717 

significant impact 12 indicators out of 15 under consideration. It means by incorporating green 718 

concept in product design like reuse, recycling and disassembly will have the largest effect on 719 

other aspects of environmental performance. 720 

The framework presented in this study not only provides a hierarchical structure for indicators 721 

based on their cause and effect relationships but also highlights the strength of driving and 722 

dependence power of indicators. The framework provides a structured and logical approach of 723 

decision making for improved environmental performance. The present framework will help 724 

managers and decision makers to understand the interaction between the indicators and enable 725 

them to obtain a detailed picture of environmental performance of the firm. This framework will 726 

allow the managers to better understand production activities of the firm in the context of 727 

environmental performance and make specific management interventions that would enhance 728 

firm’s environmental performance. The framework presented will help decision makers to 729 

identify the priority areas and allocate resources for achieving maximum improvement in 730 

environmental performance. In a broader sense, this critical indicator-based framework may 731 

serve as a strategy development and monitoring tool for enhancing environmental performance 732 

of lock manufacturing units. The use of critical indicators combined with this framework will 733 

help sustainability practitioners, managers, and government agencies to formulate regulation, 734 

procedure, and establish assessment practices to evaluate the environmental performance of a 735 

manufacturing organization. 736 

 737 
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7. Limitations and Future Scope 738 

The scope of the present work being limited to lock manufacturing units belonging to Indian 739 

MSME sector, the proposed framework can be expanded to include other areas of Indian MSME 740 

sector like the auto parts, foundries and metalwork industries, etc. This study utilizes the views 741 

of industry professional; hence, future works may also include views of researchers to 742 

understand the differences in the views of both the group. Further studies may also incorporate 743 

structural equation modelling within the framework given in this study to investigate the model 744 

and enhance the quality and authenticity of the results. Similarly, the fuzzy modelling techniques 745 

can also be incorporated into the framework. 746 
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Appendices 1021 

Appendix A1 1022 

Table A1: Environmental Indicators  1023 

S.N. Indicators Reference Critical 

1 Energy Consumption  Amrina & Yusof, (2011); Amrina & Vilsi, (2015); Bui et 
al., (2017); GRI, (2002, 2018) 

 

2 Reductions achieved due to 
Indirect Energy Consumption  

Samuel, et al. (2013)  

3 Depletion of Non-Renewable 
Energy Resource  

Vinodh, (2011)  

4 Renewable and Non-Renewable 
Energy Consumption  

Amrina & Yusof, (2011); Amrina & Vilsi, (2015); Bui et 
al.,(2017); GRI, (2002, 2018); Lin et al., (2010) 

 

5 Energy Intensity  Kluczek,( 2016); Krajnc and Glavič, (2003)  
6 Direct Energy Consumption By 

Primary Energy Source  
GRI (2002)  

7 Contribution To Depletion Of 
Energy Resources  

Veleva and Ellenbecker (2001a)  

8 Indirect Energy Consumption 
By Primary Energy Source  

GRI (2002)  

9 Recycling and reuse of water  Anderson, (2003); GRI, (2002, 2016); Veleva & 
Ellenbecker, (2001a); Krajnc and Glavič, (2003) 

 

10 Total water withdrawal by 
source  

Samuel, et al. (2013)  

11 Water sources significantly 
affected by the withdrawal   

GRI (2002)  

12 Amount of Water Consumption  GRI, (2002, 2016); Samuel et al., (2013); Skerlos et al., 
(2008) 

 

13 Use of fresh water  Lin et al., (2010); Tseng, (2013); Tseng et al., (2009); 
Veleva & Ellenbecker, (2001a) 

 

14 Solid waste   Beekaroo et al., (2019); Park & Kremer, (2017); Shashi et 
al., (2018); Singh & Sultan, (2018); Tan et al., (2015) 

 

15 Waste generated before 
recycling   

Tseng et al. (2013)  

16 Liquid Waste  Ziout et al.( 2013)  
17 Waste Reduction and 

Management   
Bour et al., (2019); GRI, (2002, 2016, 2018); Gupta et al., 
(2018); Veleva & Ellenbecker, (2001a) 
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18 Hazardous waste Ziout et al.( 2013)  
19 Waste generated by contracted 

services/materials  
Lin et al. (2010); Veleva and Ellenbecker (2001a)  

20 Water pollution (Discharge of 
effluent and pollutant)  

 Feil et al., (2019)  

21 Total weight of waste by type 
(scheduled and not scheduled)  

Veleva and Ellenbecker (2001a); GRI (2002)  

22 Total number and volume of 
significant spills 

GRI (2002)  

23 Recycled Materials  Azapagic et al., (2016); Fan et al., (2010); GRI, (2016)   

24 Reprocessed materials  GRI (2002)  

25 Packaging materials  Veleva and Ellenbecker (2001a)  

26 Hazardous Material Use  GRI (2002)  

27 Material consumption  Fan et al., (2010); GRI, (2016, 2002); Gupta et al., (2015); 
Krajnc and Glavič, (2003); Veleva et al., (2001); Winroth 
et al., (2016) 

 

28 PBT chemicals used   Veleva and Ellenbecker (2001a)  
29 Total Air  Emissions  Ahmad et al., (2019); Amrina et al., (2016); GRI, (2002, 

2016); Gupta et al., (2015); Singh et al., (2012) 
 

30 NOX, SOX, and other air 

emissions 

Veleva and Ellenbecker, (2001a)  

31 Emissions of Acid Gasses GRI, (2002, 2016)  
32 Emissions of ozone-depleting 

substances 
GRI, (2002, 2016)  

33 Greenhouse Gas Emissions  Boyden et al., (2016); Kai et al., (2016); Park & Kremer, 
(2017); Zarte et al., (2018) 

 

34 Total direct and indirect 
greenhouse gas emissions  

Samuel, et al.(2013)  

35 Design For Green Environment  Jayal et al. (2010)  
36 Reductions in GHG Emissions  Samuel, et al.(2013)  

37 6R concepts  Jayal et al. (2010)  

38 Green product design   Fan et al.,( 2010); Veleva et al., (2001); Veleva & 
Ellenbecker, (2001a). 

 

39 Biodegradable packaging  Tseng, (2013)  
40 Green manufacturing  Vinodh et al. (2014)  
41 Products with take-back policies  GRI, (2002, 2016)  
42 Product innovativeness   Vinodh et al. (2014)  
43 Land use  GRI, (2002, 2016)  
44 Biodiversity GRI, (2002, 2016)  
45 Environmental protection 

expenditure  
Vinodh et al. (2014)  

46 Compliance with environmental 
laws and regulations  

Ocampo et al., (2015)  

47 Significant environmental 
impacts of transportation of 
Products, Services, Material and 
Workforce  

GRI, (2002, 2016)  

48 Initiatives to mitigate 
environmental impacts of 
products and services  

Samuel et al.,( 2013)  

49 Land pollution/Soil Protection  Veleva & Ellenbecker, (2001a)  
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Appendix A2: Average matrix  1024 
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Appendix A3: Cause and Effect analysis 1027 

Table A3: Cause and Effect analysis for Environmental Indictors  1028 

Factors R C R + C R - C 

EN1 2.177 2.456 4.633 -0.279 
EN2 2.497 2.13 4.627 0.367 
EN3 2.452 2.364 4.816 0.088 
EN4 2.636 2.361 4.997 0.275 
EN5 1.984 1.967 3.951 0.017 
EN6 1.706 1.739 3.445 -0.033 
EN7 2.285 2.896 5.181 -0.611 
EN8 2.885 3.034 5.919 -0.149 
EN9 2.496 2.48 4.976 0.016 
EN10 2.558 2.537 5.095 0.021 
EN11 2.699 2.625 5.324 0.074 
EN12 2.528 3.006 5.534 -0.478 

EN13 2.593 3.102 5.695 -0.509 
EN14 3.409 1.739 5.148 1.67 
EN15 1.974 2.443 4.417 -0.469 

 1029 



Figures

Figure 1

Classi�cation of Sustainability Indicators (GRI 2002, 2016; Feil et al. 2015; Moldavska and Welo 2015).



Figure 2

Methodology for identifying cause and effect relationship between critical indicators



Figure 3

The Average Matrix plot for Environmental indicators



Figure 4

Casual Diagram for Environmental Indicators



Figure 5

Digraph plot for Environmental Indicators



Figure 6

ISM model for Environmental Indicators



Figure 7

MICMAC Analysis of Environmental Indicators
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