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1 Blockchain Technology and Circular Economy in the 
2 Environment of Total Productive Maintenance: A Natural 
3 Resource-Based View Perspective
4 Abstract

5 Purpose - Total Productive Maintenance (TPM) could act as a practical approach to offer 

6 sustainability deliverables in manufacturing firms aligning with the natural resource-based 

7 view (NRBV) theory’s strategic capabilities: pollution prevention, product stewardship, and 

8 sustainable development. Also, the emergence of Blockchain Technology (BCT) and Circular 

9 Economy (CE) are proven to deliver sustainable outcomes in the past literature. Therefore, the 

10 present research examines the relationship between BCT and CE and TPM’s direct and 

11 mediation effect through the lens of NRBV theory.

12 Design/ methodology - The current study proposes a conceptual framework to examine the 

13 relationship between BCT, CE, and TPM and validates the framework through the Partial Least 

14 Squares Structural Equation Modeling. Responses from 316 Indian manufacturing firms were 

15 collected to conduct the analysis.

16 Findings - The investigation outcomes indicate that BCT positively influences CE and TPM 

17 and that TPM has a significant positive impact on CE under the premises of NRBV theory. The 

18 results also suggest that TPM partially mediates the relationship between BCT and CE.

19 Originality - This research fills a gap in the literature by investigating the effect of BCT and 

20 TPM on CE within the framework of the NRBV theory. It explores the link between BCT, 

21 TPM, and CE under the NRBV theory's strategic capabilities and TPM mediation.

22 Implications - The positive influence of TPM and BCT on CE could initiate the amalgamation 

23 of BCT-TPM, improving the longevity of production equipment and products and speeding up 

24 the implementation of CE practices.
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25 Keywords: Natural Resource-Based View, Blockchain Technology, Total Productive 

26 Maintenance, Circular Economy

27 1. Introduction

28 Production equipment is expanding further into the realm of new digital and intelligent progress 

29 due to the improvement of present machinery systems and research and development (Chen et 

30 al., 2020). In natural industrial environments, modern equipment is frequently used to 

31 accomplish crucial jobs; when an accident occurs, the repercussions can be rather severe (Chen 

32 et al., 2020). Maintenance can potentially reduce the amount of time spent on non-value-adding 

33 activities in production by as much as 40%. (Ahuja and Khamba, 2008). Therefore, 

34 preventative machine maintenance is crucial for productive manufacturing processes (Wang et 

35 al., 2021). For more than fifty years, manufacturers have relied on the maintenance 

36 management strategy known as total productive maintenance (TPM) to cut down on machine 

37 breakdowns and other unplanned halts in production (Ahuja and Khamba, 2008).  

38 Modern equipment is often tasked with more demanding manufacturing duties. In this line, 

39 significant possibilities for advancing maintenance to a new level have arisen due to Industry 

40 4.0 technology and the fast evolution of Cyber-Physical Systems (Albano et al., 2019). Thus, 

41 it is essential to make the most of today's technical tools for implementing smart maintenance 

42 of complicated equipment to keep it running so it accomplishes its targets (Chen et al., 2020). 

43 However, owing to the rapid progress and use of the internet and digital technology after 1995, 

44 product maintenance focused on the entire lifespan emerged (Si et al., 2020). A critical 

45 component of machine effectiveness is identifying problems and flaws in real-time and sharing 

46 that data with other machines. Providing real-time monitoring and data sharing is a critical area 

47 in which blockchain technology (BCT) has excelled (Kumar et al., 2020). Stakeholders with a 

48 common goal can use BCT to get an insight into the production process, which in turn will lead 
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49 to better quality control and risk mitigation (Lohmer and Lasch, 2020). BCT may be defined 

50 as “an online, open-source distributed ledger where transactions between different stakeholders 

51 can be recorded and updated simultaneously and in real-time” (Lakhani and Iansiti, 2017). 

52 Manufacturers in a wide variety of fields may put blockchain to use in several ways. Among 

53 them is the use of smart contracts for the exchange of machine data, the authentication of items, 

54 and the tracking of production and upkeep (Chang et al., 2019).

55 The unique features of blockchain make it essential for data transparency, sharing, and security 

56 in the system's data flow, for which it has become necessary (Javaid et al., 2021). BCT is used 

57 to build a life-cycle information management framework for advanced machinery (Chen et al., 

58 2020).  BCT helps to map physical equipment and virtual digital simulations and then carry 

59 out state monitoring, fault detection, and life prediction of complex equipment, which allows 

60 more effective operations and maintenance of the machinery (Chen et al., 2020). Therefore, 

61 implementing BCT (especially at the shop floor level) may enhance the outcomes of 

62 maintenance management approaches, such as TPM practices. Still, no empirical evidence is 

63 available in the literature confirming the relationship between BCT and TPM. To address this 

64 gap and contribute to the fields of TPM and BCT, the present study addresses the following 

65 research question: 

66 RQ1: What is the relationship between BCT and TPM in the context of manufacturing firms?

67 Simultaneously, the hazards to human survival posed by climate change, biodiversity loss, and 

68 the exhaustion of scarce resources are growing in severity (Köhler et al., 2019). In recent years, 

69 circular economy (CE) has emerged as a practical solution for mitigating the risks associated 

70 with these concerns (Prieto-Sandoval et al., 2018). The end goal of CE is to move away from 

71 the linear economic model that is prevalent today and toward a closed-loop economy that uses 

72 resource regeneration and ecological restoration as its primary pillars (Murray et al., 2017). In 
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73 light of this, there has been a rise in the amount of interest in blockchain technology among 

74 both academics and industry professionals as a potential accelerant for the transition to an 

75 economy based on CE (Böhmecke‐Schwafert et al., 2022). There is a plethora of information 

76 to be gleaned from products in use, particularly those that are both durable and capital-intensive 

77 (Kärkkäinen et al., 2003a). The use of blockchain in environmental sustainability has been 

78 investigated in recent research using a variety of perspectives, including supply chain 

79 sustainability, product-service systems, product deletion, and ecological sustainability 

80 (Agrawal et al., 2021). According to more current study findings, the three CE principles of 

81 reducing, reusing, and recycling have recently been supported by BCT (Venkatesh et al., 2020). 

82 By delivering correct information, blockchain-based supply chain management solutions may 

83 improve traceability in complicated supply chains and encourage consumers to make more 

84 responsible purchasing decisions. Using intelligent contracts, blockchain can assist in waste 

85 management by facilitating trade and recycling initiatives (Khadke et al., 2021). In addition to 

86 energy trading platforms and source verification systems, BCT may aid in utilising renewable 

87 energies by facilitating peer-to-peer transactions in energy (Yildizbasi, 2021). It is possible to 

88 use blockchain to create and manage new CE chains (Narayan and Tidström, 2020). Therefore, 

89 it is possible that the implementation of BCT in the supply chain of manufacturing firms could 

90 lead to CE practices. Also, recent literature published by Samadhiya et al. (2022) emphasises 

91 investigating the role of BCT in CE. Still, empirical evidence related to this relationship is 

92 lacking in the literature, which leads to the formulation of a second research question to address 

93 this gap:

94 RQ2: What is the relationship between BCT and CE in the context of manufacturing firms?

95 To achieve harmonious and sustainable growth, CE proposes organisations optimise resource 

96 consumption and minimise waste to achieve success (Ghisellini et al., 2016). As the cost of 

97 raw materials and end-of-life treatment rises, maintenance is becoming a more enticing way to 
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98 start CE and move to a more sustainable route (Allen, 2021). Implementing TPM in a 

99 manufacturing firm delivers production-related commitments by preventing machine 

100 breakdowns (Ahuja and Khamba, 2008). However, to offer operational excellence, TPM 

101 reduces waste and toxicants through its implementation (Vukadinovic et al., 2018), as it is the 

102 most crucial concept of lean manufacturing (Thanki et al., 2016). The philosophy of TPM 

103 practices is based on the optimum consumption of resources to deliver ecological-oriented 

104 outcomes (Wudhikarn, 2012). Past studies indicate that TPM leads to greener production and 

105 better environmental performance (Amjad et al., 2021). Green and cleaner production are 

106 indicators of CE practices (Ghisellini et al., 2016). Therefore, for these two indicators (green 

107 and cleaner production), TPM is a feasible approach to leading CE outcomes. Also, TPM helps 

108 improve equipment's longer life span through preventive maintenance (Farrukh et al., 2019), 

109 which is also one of the CE targets. Nevertheless, no previous studies have focused on 

110 empirically exploring the relationship between TPM and CE. This led to the third research 

111 question of this study as follows:

112 RQ3: What is the relationship between TPM and CE in the context of manufacturing firms?

113 The previous discussion indicates that the implementation of BCT, TPM, and CE in a firm can 

114 address issues related to pollution prevention, product stewardship, and sustainable 

115 development. The most suitable theory to underpin the present study is the natural resource-

116 based view (NRBV) theory, which suggests that companies that are too devoted to a single set 

117 of resources may have problems acquiring new resources or competencies (Hart, 1995). 

118 Therefore, the present research considers BCT, TPM, and CE as natural resources for 

119 companies to address their NRBV strategic capabilities. Although some past studies have used 

120 the NRBV theory as a lens for their investigations (Shahzad et al., 2020; Huang et al., 2021), 

121 no studies have investigated the relationship between BCT, TPM, and CE through the lens of 
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122 the NRBV theory. Therefore, the present study has used NRBV theory as a theoretical 

123 foundation to investigate the relationship between BCT, TPM, and CE in manufacturing firms.

124 Further, to address the research questions (stated above), the current research develops a 

125 theoretical framework that hypothesises the relationship between BCT, TPM, and CE. The 

126 framework is then validated through an empirical study using Partial Least Squares Structural 

127 Equation Modeling (PLS-SEM) as an empirical tool. 

128 2. Theoretical background, hypothesis formulation, and conceptual framework

129 2.1 NRBV theory

130 The NRBV is a well-known theory in academic circles, having particular importance in 

131 sustainable operations (Marshall et al., 2015). NRBV examines a variety of new approaches to 

132 problem-solving that organisations might use to address environmental concerns (Alt et al., 

133 2015). The three critical strategic capabilities that define the NRBV theory are pollution 

134 prevention, product stewardship, and sustainable development (Hart, 1995). Pollution 

135 prevention aims to cut down on the amount of waste generated throughout the production 

136 process, both operationally and environmentally. In addition to reducing the consumption of 

137 toxic substances and resources, product stewardship aims to include ecologically friendly 

138 design features in goods and operations (Hart et al., 2010). The focus of sustainable 

139 development is on resource efficiency from the viewpoint of long-term ecological and 

140 economic sustainability, as well as personnel and ecological wellness and protection 

141 (Baumgartner and Raute, 2010).

142 Global supply networks are becoming more sustainable with the application of BCT (Saberi et 

143 al., 2019). Also, a company's environmental sustainability may be impacted by BCT in various 

144 ways (Gong and Zhao, 2020). Blockchain advocates consider that its appropriate application 

145 may help reduce carbon emissions, particularly at the corporate level (Kouhizadeh and Sarkis, 
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146 2018). Sabri et al. (2018) believe that BCT will lead to new methods of producing 

147 environmentally friendly goods. Also, real-time environmental data may be monitored and 

148 stored via blockchain to allow for rapid choices on carbon footprints (Sabri et al., 2018). 

149 Therefore, BCT could be recognised as a new organisational resource to address the strategic 

150 capabilities of NRBV theory.

151 To fit in the lens of NRBV, it is common to practice in CE to recycle materials periodically 

152 and at a high rate of return (Ellen MacArthur Foundation, 2012). CE incorporates economic, 

153 environmental, and social considerations into a company's operations to turn society into a 

154 more sustainable one (Dey et al., 2020). CE offers an economical system that represents a 

155 paradigm change in how humanity relates to the environment to reduce resource scarcity, break 

156 materials and energy cycles, and promote sustainable development (Geissdoerfer et al., 2017). 

157 Mishra et al. (2019) suggest CE as a firm resource to address the strategic capabilities of NRBV 

158 perception. Therefore, CE could be an organisational asset that can handle the NRBV’s 

159 strategic capabilities.

160 TPM has also been a practical maintenance management approach adapted by manufacturing 

161 firms to reduce waste while preventing machine breakdowns and offering smooth operations 

162 (Chiarini, 2014). Farrukh et al. (2022) indicate TPM as a green lean six sigma practice, which 

163 can address the three strategic capabilities of NRBV theory. Also, TPM is a constructive lean 

164 philosophy to overcome issues such as spending colossal resources on maintenance for 

165 implementing CE effectively (Basten and Houtum, 2014) to offer the longevity of the materials 

166 and prevent the end of the product life cycle (Batista et al., 2019). TPM has been an effective 

167 strategy for improving economic performance (Hooi and Leong, 2017), environmental 

168 performance (Garza-Reyes et al., 2018), and social performance (Piercy and Rich, 2015) in 

169 manufacturing firms. Therefore, TPM can also be considered a practical natural resource for a 

170 firm to address the NRBV’s strategic capabilities.
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171 This way, TPM, CE, and BCT have the potential to become firm assets under the premises of 

172 NRBV theory. Nevertheless, minimal research has been conducted in this domain, or the 

173 conducted research has taken an individual dimension with NRBV theory. 

174 2.2 Hypothesis formulation and conceptual research framework

175 2.2.1 BCT and TPM

176 In this era of mechanisation, maintenance is an essential tool to offer production-related 

177 commitments. TPM is a frequently implemented machine maintenance strategy in the 

178 manufacturing sector to minimise losses in production operations, extend machinery lifespan, 

179 and ensure machinery's efficient exploitation (Nallusamy and Majumdar, 2017). Predictive and 

180 preventive maintenance procedures may be orchestrated using blockchain as part of a more 

181 considerable Industrial Internet of Things (IIoT) plan (Stackpole, 2019). BCT is based on a 

182 decentralised control network. More advanced manufacturing service needs may be handled 

183 by gateways that process higher-level types of manufacturing service demands with a more 

184 excellent processing capability when using a decentralised control framework (Leng et al., 

185 2020a). BCT enables the digitalisation of systems for monitoring and tracing by providing real-

186 time data.

187 The aspect of maintenance has been entirely reimagined (Karki et al., 2022) as a result of recent 

188 developments in data and analytics technology and the introduction of IIOT (Paschou et al., 

189 2020). The digitalisation of maintenance today has the power to leverage information and 

190 intricate analytics to forecast, detect, diagnose, and rectify equipment issues, and be a durable 

191 and essential component to achieving numerous company goals, including revenue (Karki and 

192 Porras, 2021). Digitalisation also has other advantages such as a better understanding of the 

193 data and the ability to foresee and fix problems as well as optimise the system and modernise 

194 it (Karki and Porras, 2021). Revamping maintenance via digitalisation is one of the most 
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195 significant ways to do so, allowing the development of new cutting-edge solutions that make 

196 businesses more efficient, productive, and durable in maintenance (Karki et al., 2022). BCT 

197 offers real-time data, and maintenance companies can compete better, reduce unnecessary 

198 downtime, and optimise equipment availability and production schedules using real-time data. 

199 Real-time data may be used to enhance maintenance operations irrespective of the sector 

200 (Smith, n.d.). Failover data from several sources may be collected in real-time when equipment 

201 fails, automatic repair solutions are available and operators may be notified if they are needed 

202 (O’Brien, n.d.). With the help of real-time monitoring, as operational circumstances begin to 

203 deviate from the manufacturer's specifications, sensors begin reporting back, allowing 

204 manufacturers to forecast failure precisely (O’Brien, n.d.). Therefore, the implementation of 

205 BCT can improve the performance of maintenance management practices, such as TPM by 

206 offering real-time data, which will help to maintain the longevity of production equipment. In 

207 this manner, machine longevity and real-time monitoring of TPM practices will reduce waste 

208 and promote better sustainable growth. The results of this relationship (BCT and TPM) will be 

209 aligned with the objectives of the NRBV theory. However, no past studies have examined the 

210 relationship between BCT and TPM in the context of the NRBV theory. Thus, we hypothesise 

211 that,

212 H1: BCT has a significant favourable influence on TPM from the perception of the NRBV 

213 theory.

214 2.2.2 BCT and CE

215 CE's growing significance has identified optimal commodity use within the bounds of 

216 monetary development and environmental conservation as a priority (Morseletto, 2020). 

217 Although blockchain has been hailed as a facilitator of CE via its use in the three primary 

218 domains of reuse, reduce, and recycle (3Rs), existing studies are primarily theoretical 
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219 (Upadhyay et al., 2021a). Upadhyay et al. (2021b) suggested that BCT may lower processing 

220 expenses and carbon emissions and enhance the CE's operational efficiency and connectivity. 

221 Moreover, material and item movements may be tracked accurately using blockchain-based 

222 supply chains while waste management tools can facilitate effective recycling and repurposing 

223 of materials (Böhmecke‐Schwafert et al., 2022). In order to facilitate the sharing of information 

224 about products individuals across their entire existence, the idea of “product-centric 

225 information management” was created (Kärkkäinen et al., 2003b; Tang & Qian, 2008; Meyer 

226 et al., 2009).

227 Circular supply chain (CSC) operations, commodities, natural resources, goods, and activities 

228 are highly impacted by the features of blockchain such as transparency, traceability, security, 

229 dependability, actual-time information, and smart contracts (Khan et al., 2021). Through 

230 blockchain, the data is continually available to CSC stakeholders, improving their ability to 

231 collaborate both inside the company and with outside parties since a CE demands the creation 

232 of workable loops at multiple points along the supply chain (Nandi et al., 2021). Additionally, 

233 because of the blockchain's high level of traceability, fewer items and resources are thrown out 

234 during CSC operations (Kayikci et al., 2022). The previous discussion indicates that the 

235 implementation of BCT will enhance the performance of CE in terms of offering pollution 

236 prevention (through achieving 3Rs), a better environment (through optimal use of resources), 

237 and sustainable development (offering sustainable-oriented outcomes). The outcomes of the 

238 impact of BCT on CE are aligned with the three strategic capabilities of NRBV theory. Still, 

239 no research has been conducted in this context. This leads us to the following hypothesis-

240 H2: BCT has a significant positive influence on CE from the perception of the NRBV theory.

241

242
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243 2.2.3 TPM and CE

244 The Ellen MacArthur Foundation, a significant stakeholder in the circular revolution, has 

245 defined CE as a fresh approach to developing, manufacturing, and consuming products within 

246 ecological limits (Jain, 2021). Instead of providing a general framework for economic activity, 

247 CE identifies particular areas where new value may be created and how that value might be 

248 captured (European Union Publication, 2013). In a CE, waste and pollution are eliminated, 

249 goods and resources are recycled, and nature is regenerated. 

250 The butterfly diagram offered by the Ellen MacArthur Foundation (n.d.), also known as the CE 

251 system diagram, depicts the continual movement of commodities in the economy. The butterfly 

252 diagram shows the importance of maintenance operations by emphasising that these activities 

253 minimise systematic leakages and negative externalities (Ellen MacArthur Foundation, n. d.). 

254 When it comes to implementing CE and the pursuit of strategically focused goals, maintenance 

255 plays a significant role (Valkokari et al., 2017). The TPM approach systematically analyses 

256 production systems to integrate regularly planned maintenance into conventional business 

257 operations (Encapera et al., 2019). TPM can cut down other wastes or components that do not 

258 add value due to its efficient use of its resources and the preventative maintenance procedures 

259 it employs (Heravi et al., 2019). TPM techniques may help generate production that is both 

260 more efficient and less harmful to the environment (Amjad et al., 2021). TPM is a powerful 

261 maintenance technique that may help cut power usage and eliminate leaks and waste by 

262 avoiding process breakdowns (Chiarini, 2014). Therefore, the maintenance deliverables in the 

263 butterfly diagram and other past studies discussed in this section lead to the possibility of a 

264 positive influence of TPM on CE implementation in a firm. The positive impact of TPM on CE 

265 could lead to environmental outcomes and sustainable development (through minimising waste 

266 and reducing ecological burden), aligning with the NRBV theory's objectives. The discussion 
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267 develops a need to investigate the relationship between TPM and CE in the context of the 

268 NRBV theory. Thus, we hypothesise that,

269 H3: TPM has a significant favourable influence on CE from the perception of the NRBV theory.

270 TPM can reduce the amount of energy used and the amount of carbon dioxide emitted by the 

271 production system because of its efficient resource management and preventative maintenance 

272 practises, which in turn helps firms improve their environmental performance (Chiarini, 2014). 

273 Maintenance data loses its value without an effective tracking mechanism for all parts, resulting 

274 in less precise estimates of key metrics like reliability (Mohril et al., 2022). A technique that 

275 can reliably guarantee traceability is necessary for a complete maintenance management 

276 programme (Mohril et al., 2022). With the assistance of BCT, improvements in the 

277 maintenance system's ability to foresee breaks, losses, and wastes might be made (Smith, n.d.). 

278 In addition to this, it will lengthen the machine's lifespan and contribute to the delivery of 

279 improved environmental results. The many stages of a product's life cycle—from conception 

280 to retirement—are streamlined by using BCT (Leng et al., 2020b). Furthermore, with all these 

281 efforts, supply chains of manufacturing firms could be more aligned towards a circular rather 

282 than a linear model. Therefore, it is possible to state, in a straightforward manner, that the 

283 incorporation of BCT into TPM has the potential to enhance the performance of CE. This 

284 argument leads to the possible mediation effect of TPM on the relationship between BCT and 

285 CE. No previous research has investigated the effect of TPM in this particular manner. Thus, 

286 we hypothesise that,

287 H4: TPM has a significant mediating influence on the relationship between BCT and CE.

288

289

290
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291 2.2.4 Conceptual research framework

292 Figure 1 presents the theoretical research framework which illustrates the proposed relationship 

293 between BCT and CE and the direct and mediation effect of TPM from the NRBV theory 

294 perspective. Also, it constitutes the foundation for the present empirical study.

295 “Insert Figure 1 here”

296 3. Research methodology

297 In the present research, a research framework (Figure 1) is proposed and validated by the 

298 quantitative tool (Partial Least Squares Structural Equation Modeling (PLS-SEM) analysis). 

299 The methodology of reporting the PLS-SEM has been adopted by recent studies, e.g. Jahed et 

300 al. (2022) and Wang et al. (2022).

301 3.1 Questionnaire development

302 The majority of the measures for the BCT, TPM, and CE constructs were adopted from 

303 previously published research and adapted to meet the study's criteria. The structure and 

304 content of the questionnaire instrument were refined using a three-step process (Ramkumar 

305 and Jenamani, 2015). The survey's language and clarity were first reviewed by ten academics 

306 from India's top business schools. Together, they had more than a decade's worth of experience 

307 in the field. The survey data was then reviewed by a panel of ten industrial manufacturing 

308 experts to confirm the results' accuracy. The indicators' content was subsequently refined and 

309 validated using pilot surveys with 20 managers from a range of manufacturing firms. For 

310 measurement, a five-point Likert scale was used, which was interpreted as follows by the 

311 respondents:

312  1= strongly disagree, 2= disagree, 3= neutral, 4= agree, and 5= strongly agree
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313 Table 1 illustrates the items adopted from the literature to define the constructs for the present 

314 study.

315 “Insert Table 1 here”

316 3.2 Data collection

317 The manufacturing sector of India was the focus of the research. The Centre for Monitoring 

318 Indian Economy (CMIE) ProwessIQ database was used to obtain a list of licenced businesses 

319 that could be contacted to participate in the research. Between December 2021 and June 2022, 

320 783 manufacturing companies were contacted. The COVID-19 pandemic made it more 

321 challenging to collect data, especially during on-site assessments. As a result, a number of 

322 different channels of electronic communication with businesses were set up. In the end, 316 

323 respondents answered the survey after multiple follow-up emails. The demographic 

324 information of the respondents and their companies is shown in Table 2 and Table 3.

325 “Insert Table 2 here”

326 “Insert Table 3 here”

327 3.3 Analytical approach

328 The data was analysed using the Partial Least Squares and Structural Equation Modelling (PLS-

329 SEM) technique. Based on the SEM approach, the CB-SEM and the PLS-SEM both make it 

330 possible to examine the structural links between the latent variables (Cao et al., 2021). 

331 However, both methods of SEM use different computing processes, make different predictions, 

332 and evaluate the structural model's fit in different ways (Hair Jr et al., 2014). With a smaller 

333 sample size, PLS-SEM may compute complicated models with several constructs linked to 

334 numerous variables (Hair et al., 2016). Although population heterogeneity resulted due to data 

335 collected from different sectors, this was handled by employing a situationally based equality 
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336 assumption (Rigdon, 2016), which allowed for a reduced sample size to be used while still 

337 achieving a statistically significant result (Hair et al., 2018). Taking into account the needs of 

338 the complicated model and the lack of heterogeneity, the Peng and Lai (2012) "10-times" rule 

339 of thumb was used for determining the sample size. There were enough completed surveys 

340 (316) to meet the required minimum sample size.

341 4. Results

342 In the process of this research, the SmartPLS 3.0 software (Ringle et al., 2015) was used for 

343 both the assessment of the framework and the approximation of the interior. In addition to this, 

344 the measurement and structural model were used to evaluate the PLS-SEM. 

345 4.1 Evaluation of measurement model

346 The current research used the criteria proposed by Hair et al. (2016) to assess the measurement 

347 models' validity and reliability. First, the study computed the values of the Composite 

348 reliability (CR) and Chronbach alpha (CA) to determine how reliable the constructs were, and 

349 then their validity was evaluated. According to Hair et al. (2016), a value of 0.70 for CA and 

350 CR is the cutoff point for determining whether or not a construct has high levels of internal 

351 consistency. According to the findings presented in Table 4, all of the constructs had values 

352 higher than 0.70 in this category. In addition, the investigation looked at the values of factor 

353 loading to determine whether they were sufficient to ensure dependability. According to the 

354 present research findings, each item has a factor loading greater than 0.70, demonstrating 

355 strong indicator reliability.

356 “Insert Table 4 here”

357 In order to determine whether or not the constructs were reliable, the study followed the 

358 recommendations of Black and Babin (2019) and hence used a two-fold method. It investigates 

359 both the discriminant and the convergent validity of the hypotheses. The value of a construct's 
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360 Average variance extracted (AVE) must be greater than 0.50 for the construct to be considered 

361 convergent valid (Hair et al., 2016). The findings of the AVE are shown in Table 4, which 

362 shows that the values of every construct were greater than 0.50. As a result, each construct was 

363 considered to have convergent validity. The present research used the heterotrait-monotrait 

364 ratio of correlations (HTMT) criterion to test discriminant validity. The findings are presented 

365 in Table 5. Henseler et al. (2015) suggest that the HTMT criteria' cut-off value should be less 

366 than 0.9. The results from Table 5 indicate that the research also fulfilled the requirements for 

367 discriminant validity.

368 “Insert Table 5 here”

369 4.2 Common method bias (CMB)

370 The responses to the survey were completely anonymous and kept strictly confidential. 

371 Everyone who participated was made aware that their responses would be anonymous. 

372 However, in surveys based on questionnaires, there is always the possibility of common 

373 method variation and bias, which may hinder the reliability and validity of the empirical results 

374 (Baumgartner and Steenkamp, 2001). 

375 Harmen's one-factor test was utilised to undertake a post-hoc analysis of the study's findings. 

376 Principal axis factoring was used to extract the data, and the results showed that 40.176% of 

377 the variation could be explained. According to Podsakoff et al. (2003), the cut-off value should 

378 be less than 50%. Therefore, CMB was not likely to be a problem in this research. Still, the 

379 present study conducted one more test to cross-check the possibility of CMB. The study used 

380 the variance inflation factor (VIF) as a collinearity test to examine the possibility of CMB in 

381 this case. The findings of Hair et al. (2019) suggest that the threshold value of VIF should be 

382 less than 3 for lower CMB. The results of VIF are shown in Table 6, which indicates the lower 

383 variance (CMB) of this research.

Page 16 of 36

http://mc.manuscriptcentral.com/jmtm

Journal of Manufacturing Technology Management

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Journal of M
anufacturing Technology M

anagem
ent

17

384 “Insert Table 6 here”

385 4.3 Evaluation of structural model

386 After analysing the model’s results, it is possible to get insight into the structural model's ability 

387 to make predictions for one or even more proposed constructs.  The research used a method 

388 known as nonparametric bootstrapping, using 5000 subsamples to assess the estimate's 

389 accuracy. Standardised root mean square (SRMR) values were used to evaluate the model's 

390 fitness. These values must be below 0.08 (Cho et al., 2020) for a population of more than one 

391 hundred in a study (Cho et al., 2020) (Here, it is 316). Table 6 shows that the SRMR value for 

392 the current research was 0.053, which is smaller than 0.08. Consequently, the results of the 

393 SRMR values suggested that the model was well-fit. In addition to this, the values of R2 and 

394 Q2 are shown in Table 7. The cutoff value for R2 should be greater than 0.1 (Hair et al., 2016). 

395 Additionally, the values of Q2 have to be more than zero (Falk and Miller, 1992). According to 

396 the findings included in Table 7, the model had reached a level of predictive relevance.

397 “Insert Table 7 here”

398 In order to establish the statistical significance of pathways and acceptance of the hypotheses, 

399 the value of various standard coefficients, such as β, must be greater than zero, and the p-value 

400 must be less than 0.05. All of the assumptions presented in this research were shown to be valid 

401 based on the findings presented in Table 8 and Figure 2.

402 “Insert Table 8 here”

403 “Insert Figure 2 here”

404 Table 8 indicates that all the hypotheses have been accepted. In order to get a clear 

405 understanding of the direct influence that the study design had on the various components, a 

406 mediation impact assessment was carried out (Ramkumar and Jenamani, 2015). The 
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407 assessment was contingent on the fulfilment of the following prerequisites, i.e. (1) the direct 

408 connection without mediation influence should be statistically significant; (2) the indirect 

409 influence after mediation ought to be statistically meaningful; and (3) if the variance accounted 

410 for (VAF) exceeds 80%, it symbolises a complete mediation effect; 20% < VAF < 80% means 

411 partial mediation, and less than 20% VAF value indicates that there is no mediation effect.

412 The mediation effect analysis revealed the existence of major and statistically significant 

413 mediating channels. In this case, there was a statistically significant relationship between the 

414 presence of partial mediation and the existence of mediation effects, which are represented by 

415 the routes BCT→TPM→CE (β = 0.140, T= 3.579, and VAF = 27.13%). 

416 5. Discussion and implications

417 5.1 Discussion of findings

418 This study investigates how TPM, BCT, and CE are related within the premises of the three 

419 strategic capabilities of the NRBV theory. PLS-SEM was used to verify the conceptual research 

420 framework (see Figure 2 and Table 8). The findings suggest a high positive correlation between 

421 BCT to TPM and CE and TPM and CE. Table 8 and Figure 2 also show that TPM partially 

422 mediates the link between BCT and CE.

423 Concerning the first hypothesis (H1), the standard coefficient values (β= 0.508, T= 8.225, and 

424 p< 0.00) indicate that BCT has a substantial beneficial impact on TPM. The results are 

425 consistent with earlier research (Karki et al., 2022; O’Brien, n.d.; Smith, n.d.). According to 

426 H1, adopting BCT may increase TPM performance by monitoring real-time data, resulting in 

427 greater waste reduction and optimal resource usage. Furthermore, the optimality of input and 

428 output resources at the shop floor level will lead to pro-environmental behaviours. Under the 

429 NRBV theory, H1 suggests that BCT has a substantial positive association with TPM.
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430 The values of standard coefficients (β= 0.376, T= 5.175, and p< 0.00) support the second 

431 hypothesis (H2), which states that BCT has a substantial positive effect on CE. Prior 

432 investigations, such as those of Böhmecke‐Schwafert et al. (2022), Upadhyay et al. (2021a), 

433 Upadhyay et al. (2021b), and Nandi et al. (2021), have shown similar results. This research 

434 empirically validates these previous studies as most of them were of a theoretical nature only. 

435 The results also show that adopting BCT aids in the tracking of non-value-added resources 

436 throughout the CSC. Traceability also aids in the achievement of the CE's 3Rs aim. As a result, 

437 the application of BCT in the supply chain promotes CE practices under the NRBV paradigm.

438 The results of the standard coefficients (β= 0.276, T= 4.068, and p< 0.00) support the third 

439 hypothesis (H3), indicating that TPM has a considerable beneficial impact on CE practises. 

440 Some previous investigations, such as those conducted by the Ellen MacArthur Foundation 

441 (n.d.), Amjad et al. (2021), and Heravi et al. (2019), align with H3's findings. Although 

442 previous research does not immediately correlate with H3, it suggests that H3 is possible. The 

443 results have now been empirically validated, providing a solid basis for this approach. The 

444 TPM's preventative maintenance method helps to reduce a variety of wastes. It also aids in the 

445 reduction of several hazardous pollutants and the extension of production equipment life. As a 

446 result, the impact of TPM on CE could offer outcomes within the premises of the NRBV 

447 conception.

448 The PLS-SEM analysis shows that 27.13% of the overall effect size supports the partial 

449 mediation of TPM on the BCT and CE relationship. The data show that BCT has a positive 

450 causal connection with CE (Böhmecke-Schwafert et al., 2022; Upadhyay et al., 2021a; 

451 Upadhyay et al., 2021b) and is partly mediated by TPM. Finally, the values of R2 (greater than 

452 0.1) and Q2 (greater than 0) for all the constructs demonstrate that the study is both strong and 

453 robust.
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454 5.2 Theoretical implications

455 The primary objective of the present research was to address the research question: "How are 

456 BCT, TPM, and CE connected within the premises of the NRBV theory, particularly in the 

457 context of three strategic capabilities supplied by NRBV theory as described by Hart (1995)?". 

458 Past studies have examined or indicated the possible correlations between BCT and TPM 

459 (Karki et al., 2022; O’Brien, n.d.; Smith, n.d.), BCT and CE (Böhmecke‐Schwafert et al., 2022; 

460 Upadhyay et al., 2021a; Upadhyay et al., 2021b; Nandi et al., 2021), TPM and CE (Ellen 

461 MacArthur Foundation (n.d.), Amjad et al., 2021; Heravi et al., 2019). However, all these 

462 relationships are examined or proposed individually and in some general context, i.e., without 

463 any theoretical foundation. Therefore, this is the first study that examines the relationship 

464 between BCT, TPM, and CE as a combined effort through the lens of NRBV theory.

465 The second contribution this study makes to the existing body of the NRBV theory is 

466 developing a strong causal link between established (TPM) and establishing (BCT and CE) 

467 operations management philosophies. This finding is included in the literature on NRBV 

468 theory. The interpretation might be understood to mean that these three philosophies (BCT, 

469 TPM, and CE) have the potential to provide the vision of a manufacturing business if the firm 

470 is subject to the impact of the NRBV theory.

471 Third, in terms of the approach, the high sample size (n=316) allows for statistical extrapolation 

472 of the findings (Chand et al., 2022). Specifically, the results provide a numerical assessment of 

473 the link, revealing the intensity with which the interaction influence was present. The paper 

474 makes a theoretical addition to the discussion of how manufacturing organisations might 

475 employ the BCT, TPM, and CE to understand their interaction behaviour to produce outcomes 

476 with an emphasis on the NRBV theory. In manufacturing companies, our findings provide light 

477 on the interplay between BCT, TPM, and CE. Additionally, the research results provide a basis 
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478 for theoretical validation in future studies that are equivalent to the present one, and they do so 

479 in the context of a separate industry.

480 Hart (1995) devised the NRBV paradigm, emphasising how firms may differentiate themselves 

481 via contributions to sustainable development. Based on the findings of this study, it appears 

482 that manufacturing companies can gain a competitive edge by implementing BCT, TPM, and 

483 CE due to the positive and causal solid interrelation between these three factors, which in turn 

484 encourages the development of sustainability-related aspects within the manufacturing firm, 

485 particularly in the areas of pollution prevention, product stewardship, and sustainable growth. 

486 This study not only has theoretical ramifications but also implies that these skills might form 

487 the foundation for manufacturing organisations' capacity to provide a competitive edge.

488 5.3 Managerial implications

489 The results of this research have important implications for management's comprehension of 

490 BCT and TPM's impact on CE within the framework of the NRBV theory. By using BCT as 

491 an integrated strategy in TPM, practitioners, managers, and shop floor supervisors may produce 

492 more environmentally friendly results, including less pollution, improved accessibility to 

493 resources, and minimised waste across manufacturing processes. Furthermore, the insight that 

494 BCT has provided into each aspect of maintenance is excellent. This includes allowing product 

495 information, linking products to suppliers, commencing yearly maintenance, implementing 

496 service queries, storing service history, and producing invoices (A. R., 2020).

497 From what it can be concluded, TPM practises have been widely adopted by industrial 

498 organisations for decades, and this trend shows no signs of slowing down. However, the study's 

499 empirical research suggests that, in the future, industrial organisations all over the globe, not 

500 only in India, will increasingly use TPM practices in tandem with BCT. Practitioners see TPM 

501 and BCT as key motivators for obtaining CE in their relevant field of knowledge within the 
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502 premises of the NRBV's three dimensions, as shown by the beneficial direct influence TPM 

503 and BCT have on CE. Equipment maintenance is crucial to a healthy CE since it helps keep 

504 machines running for longer, cuts down on waste, and increases productivity (Infraspeak, 

505 2022). For instance, Caterpillar's Cat Reman programme refurbishes decommissioned 

506 machinery to provide clients not only substantial savings in the short term but also to assist 

507 prolong product lifetimes and make better use of raw resources (Caterpillar, n.d.). Since TPM 

508 has a positive impact on CE, its role in manufacturing companies may shift from a maintenance 

509 practice or an activity on the shop floor to that of a facilitator of CE practices. This is because 

510 of the positive effect that TPM has on CE. CE is already regarded as a necessity for 

511 sustainability (Geissdoerfer et al., 2017), and the development of TPM on CE will provide 

512 TPM with a different persona as a facilitator of sustainable growth of manufacturing enterprises 

513 owing to the influence of TPM on CE.

514 Furthermore, the positive influence of blockchain on CE can be recognised in its practical 

515 ramifications, as blockchain also aids end-users in determining the most efficient means of 

516 maintenance or disposal for products and/or their associated parts (Murphy, 2022). Because of 

517 the level of detail in the collected data, all stakeholders in an item's value chain can take on a 

518 fair share of accountability for the product's material movements, making the circular economy 

519 a reality (Murphy, 2022). For instance, under the “EU's Circular Foam” initiative, Electrolux 

520 and polymer manufacturer Covestro are collaborating to identify new solutions to recycle firm 

521 PU foam from refrigerators. The manufacturer can now save information on the most efficient 

522 ways to disassemble the refrigerator at the end of its useful life by employing blockchain, 

523 simplifying the currently difficult physical operation (Murphy, 2022).

524 Managers in manufacturing businesses would do well to recognise the importance of TPM and 

525 BCT as facilitators of CE due to the favourable effects they have on CE. In the long run, this 

526 would lead to lower emissions, better product care, and the continued success of the 
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527 manufacturing company. Managers should realise that TPM and BCT are the motivation and 

528 basis for CE projects within the premises of the NRBV theory.

529 6. Conclusions, limitations, and future scope

530 This study draws on the insights of working professionals at Indian manufacturing companies 

531 implementing TPM, BCT, and/or CE. Experts in the manufacturing sector were interviewed 

532 for this research. The study's findings, if taken in light of the study's conclusions, could be used 

533 as a point of reference for manufacturing organisations considering the application of BCT and 

534 TPM to obtain CE-driven benefits within the framework of the NRBV theory. Insights into 

535 how the NRBV theory might be incorporated into the BCT, TPM, and CE action plans were 

536 also gained from analysing the 316 responses received from manufacturing firms. The results 

537 show that both BCT and TPM have significant benefits for improving CE processes; hence, it 

538 is suggested that manufacturing companies adopt both technologies together.

539 The current research provides a comprehensive analysis of how TPM and BCT impact the CE 

540 of manufacturing organisations. However, here are some of the caveats of the existing study 

541 and some ideas for where to go next:

542  In order to examine the impact of BCT and TPM on CE, these concepts were separated 

543 in the present study. When compared side by side, BCT and TPM approaches use 

544 different tools. But as TPM acts as a mediator in the relationship between BCT and CE, 

545 studying the impact of BCT-TPM integration on CE is essential.

546  The current research, grounded in the NRBV theory, investigates the impact of BCT 

547 and TPM on the CE practices of manufacturing organisations. Nonetheless, it's still 

548 possible that none of these three approaches will give the same association in a different 

549 context. Future studies will be able to explore the connection among BCT, TPM, and 

550 CE in many unrestricted settings.
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551  The present study does not indicate a priority order for BCT, TPM, and CE within the 

552 context of the NRBV theory. Future studies may therefore examine alternative ranking 

553 approaches to arrange the respondents' reports on a variety of technologies and 

554 activities into a hierarchical framework consistent with the scope constraints of the 

555 NRBV theory.

556  The current research investigates the mediating effect of TPM on the association 

557 between BCT and CE. That means we can look into how TPM moderates those similar 

558 associations. Another possible avenue of inquiry into the relationship between BCT and 

559 TPM is the potential mediating or moderating role played by CE. This study's 

560 conclusions are limited to India because all of the researchers were employed by Indian 

561 industrial companies. Researchers believe the findings are comparable to the results 

562 achieved by industrial businesses in developing countries. When doing the follow-up 

563 study, researchers should broaden their scope to include more sectors and nations.

564
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Figures

Figure 1: Conceptual Research Framework

Figure 2: Empirical validation of the conceptual research framework
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Tables

Table 1: Items adapted from the past literature to define the constructs

Constructs Item 
code

Item statements References

BCT 1 Do you agree that data in your company is 
obtained in real-time?

BCT 2
Do you agree that activities information of 
the supply chain in your company could be 
tracked and traced? 

BCT 3

Do you agree that your company use digital 
transactions throughout the supply chain to 
speed up the transactions and reduce the 
errors of manual documentation?

Blockchain 
Technology 
(BCT)

BCT 4

Do you agree that your company is using a 
consensus mechanism to provide data 
timely, authentic and secure throughout the 
supply chain?

Cottrill (2018)

CE 1 Do you agree that your firm focuses on 
waste minimisation in its process design?

CE 2
Do you agree that your firm generates 
environmental reports for internal 
evaluation purposes?

CE 3 Do you agree that your firm reduces the use 
of hazardous products? 

CE 4 Do you agree that your firm follows 
pollution prevention programmes?

Circular 
Economy 
(CE)

CE 5
Do you agree that your firm reduces the 
consumption of materials and energy focus 
in design?

Cheng et al. (2021)

TPM 1 Do you agree that your firm implements 
eight pillars of TPM on the shop floor?

TPM 2

Do you agree that maintenance practices in 
your company lead to the reduction of 
various losses related to the manufacturing 
system?

TPM 3
Do you agree that maintenance practices in 
your company reduces the ecological 
degradation?

TPM 4
Do you agree that maintenance practices in 
your company are associated with product 
stewardship and pollution prevention?

Total 
Productive 
Maintenance 
(TPM)

TPM 5
Do you agree that maintenance practices in 
your company improve the life cycle of 
equipment?

Farrukh et al. 
(2022); Ahuja and 
Khamba (2008)

Table 2: Summary of approached and responded manufacturing industries
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S.
No.

Firms type Number of 
the 

approached 
individual 

firm

Number of 
received 

responses 
from an 

individual 
firm

Percentage of 
a responded 
firm to the 

approached 
firm

The 
particular 

firm 
response 

rate to the 
overall films

1. Industrial 
machinery

86 29 33.72% 9.17%

2. Pharmacy 77 35 45.45% 11.07%
3. Material handling 

equipment
65 28 43.07% 8.86%

4. Automobile 
ancillaries

84 17 20.23% 5.37%

5. Air conditioning 
machines/systems

69 34 49.27% 10.75%

6. Chemicals and 
petrochemicals

78 28 35.89% 8.86%

7. Textiles 17 7 41.17% 2.21%
8. Wiring harness 

and parts
23 11 47.82% 3.48%

9. Rubber and 
rubber products

54 29 53.70% 9.17%

10. Reservoirs, tanks 
and other 
fabrications

38 17 44.73% 5.37%

11. Solar modules 32 14 43.75% 4.43%
12. Construction 

machinery
41 16 39.02% 5.06%

13. Ceramic products 63 23 36.50% 7.27%
14. Polyester or 

contract resins
56 28 50% 8.86%

TOTAL 783 316

Table 3: Profile of respondents

S.No. Respondent designation Total number Percentage 
1. Operations manager 93 29.43%
2. Plant manager 90 28.48%
3. General manager 32 10.12%
4. Vice president 21 6.64%
5. Production planner 39 12.35%
6. Functional manager 41 12.98%

Experience
1. 3-5 years 23 7.27%
2. 5-10 years 41 12.98%
3. 10-25 years 83 26.27%
4. 20-30 years 98 31.02%
5. > 30 years 71 22.46%
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Table 4: Representation of PLS-SEM results for items loadings, reliability, and validity

Constructs Item code Outer 
loadings

CA rho_A CR AVE

BCT 1 0.824 0.839 0.841 0.892 0.674
BCT 2 0.823
BCT 3 0.800

Blockchain 
Technology 
(BCT)

BCT 4 0.835
CE 1 0.825 0.879 0.882 0.912 0.674
CE 2 0.806
CE 3 0.824
CE 4 0.829

Circular 
Economy 
(CE)

CE 5 0.821
TPM 1 0.830 0.896 0.902 0.923 0.707
TPM 2 0.822
TPM 3 0.829
TPM 4 0.858

Total 
Productive 
Maintenance 
(TPM)

TPM 5 0.864

Table 5: Measuring discriminant validity through HTMT criteria

BCT CE
CE 0.598

TPM 0.581 0.520

Table 6: Inner VIF values 

CE TPM
BCT 1.347 1.000
TPM 1.347

Table 7: Results of the saturated model

Constructs R2 R2 Adjusted Q2 SRMR
CE 0.324 0.319 0.213 0.055

TPM 0.258 0.255 0.177

Table 8: Summary of algorithm and bootstrapping tests results

Hypothesis (Path) Coefficient
(β)

T Statistics p-Value Acceptance
of hypothesis

Direct effects
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H1: BCT→TPM 0.508 8.225 0.000 Yes

H2: BCT→CE 0.376 5.175 0.000 Yes

H3: TPM→CE 0.276 4.068 0.000 Yes

Mediating effects

H4: BCT→TPM→CE 0.140 3.579 0.000 Yes
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