Energy-related clean and green framework for shipbuilding community towards zero-emissions: A strategic analysis from concept to case study
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[bookmark: _Hlk72096916]Abstract
Shipping is looking to progressively develop into a zero-emissions industry, in agreement with pledges made under the Initial IMO Strategy on reduction of greenhouse gas emissions from ships, and its vision to phasing out greenhouse gas emissions as soon as possible during this century. International regulations currently focus on the design and operational phases of the industry, which carry the largest life-cycle climate impact of a ship. As the level of emissions from the operational phase are reduced, the inclusion of emissions from shipyards during construction, maintenance and disposal becomes increasingly important. The main objective of this study is to improve energy efficiency and reduce air emissions in the shipbuilding industry through the development of an energy-management framework. A systematic literature review was used to define  criteria for clean and green shipyards and to develop a novel, holistic, systematic and transdisciplinary framework for energy management. The energy-management framework is aimed at creating a decision-support mechanism for complex situations, using a multiple criteria decision making approach. The energy-management framework was applied to case-studies of a Bangladeshi and an Italian shipyard. The potential implementation of the framework in yards of different size, type and geographical location demonstrates that it has the potential to improve energy management and thereby energy efficiency, while increasing productivity and profitability in shipyards.
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Highlights
· A new concept for an environmentally sustainable shipyard was developed.
· A holistic, systematic and multidisciplinary approach must be considered to promote a green shipyard.
· The implementation of the framework will accelerate maritime decarbonisation from a life-cycle perspective.
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1. Introduction
[bookmark: _Hlk72096997]For many years,  shipping has played a crucial role in global trade and economic growth [1]. It currently stands for approximately 80% of cargo volume and 70% of cargo value traded around the world [2]. At the same time, shipping exhibits considerable negative externalities which are threatening sustainable development. Amongst these, air pollution and climate impact is considered to be one of the most significant  ones [3]. Tackling climate change and reducing Greenhouse Gas (GHG) emissions are urgent tasks that have been attracting the interest of the scientific community, policymakers, and international organizations. Shipping currently consumes close to 265 million tons of fuel annually [4]. The consumption of fuel is associated with the emission of around 1056 million tons of CO2 per year, representing 2.89 % of global GHG emissions. This level of GHG emissions is projected to increase by 50 % until 2050 relative to 2018, despite further efficiency gains, due to the expected growth in transport demand [5]. Acknowledging the above-mentioned problems, the initial strategy has been adopted by International Maritime Organization (IMO) aiming to reduce the global GHG emissions from international shipping. The measures adopted under the Initial IMO Strategy focus on addressing the operational phase of ships,and currently ignore the production, maintenance, and disposal operations of ships. A ships’ life cycle can be divided into ship design, shipbuilding, ship operation, and ship scrapping. Whilst ship operation currently has the largest GHG contribution within its life, there exist emissions from the production, maintenance, and scrapping of the ships, which are currently not accounted for in the Fourth IMO GHG study. Chatzinikolaou et al. [6] estimate that 96% of a ship’s life cycle GHG emissions are produced by the ship’s operation, while approximately 2% are produced during shipbuilding, and 1% during maintenance operations, and 1% during ship dismantling. While this provides an important initial indication of the scale of GHG emissions from shipyards as a fraction of the ship’s life cycle, emissions are likely to be sensitive to the types of ships on which work is performed, as well as on work methods used. This warrants more comprehensive research in this area, in the future. Fig. 1 shows that the mitigation of GHG emissions over a ship's life-cycle needs to take the life cycle of ships into account [7]. In the design, operation, and scrapping cycles, there are a number of regulations such as Energy Efficiency Design Index (EEDI), Ship Energy Efficiency Management Plan (SEEMP), IMO strategy, and Hong Kong Convention adopted or implemented to reduce GHG emissions from ships [8][9]; however, there is no such a comprehensive and effective regulation on the ship construction cycle [10].
[image: ]
[bookmark: _Hlk72097032]Fig.  1. Stages of Ship Life Cycle and Energy Management Source [11]
[bookmark: _Hlk72097057][bookmark: _Hlk72097084]It is clear that for fossil-fuel powered ships, their operational cycle constitutes the majority of its life-cycle air emissions; however, as shipping is anticipated to move towards zero-carbon fuels, electricity and sail and solar power, the fraction of shipyard operations in a ship’s life cycle will become larger than their operational phase by the next decades. Nordtveit [12] showed that if a car ferry was propelled by batteries using electricity from the Norwegian electricity grid, its construction bore a greater life-cycle climate impact than its operation. In the future, using a complete “cradle to grave” approach [13] covering the lifespan of the ship from the design stage to scrapping is expected to become more important. Moreover, based on the Paris Agreement, not only the nations but also individuals and industries are responsible for the mitigation of GHG emissions and shipyards are no exception, and it is required that states consider the shipyards emissions within their National Determined Contributions (NDCs).
In the literature, no structured and holistic method for the integration of disciplines for improvement of energy efficiency and reduction of emissions at shipyards has found and most studies in shipyards had a one-dimensional approach. However, in order to achieve zero emissions at shipyards, a holistic, systematic and transdisciplinary approach must be considered [14]. In order to improve energy efficiency and reduce air emissions at shipyards, the authors address some issues in the context of shipping air emissions in this study. What are the gaps in defining a green ship and how can the concept of a green ship be extended over the lifetime of a ship to support sustainable shipping? The answer identified in this work is to distinguish air emissions from other types of environmental pollution to provide new definitions of clean, green and sustainable shipyards. Using this approach, this study focuses on how to manage energy in the long term and how to reduce air emissions from energy sources in shipyards. The present work  proposes an innovative, holistic, systematic and transdisciplinary energy management framework (EnMF) to extend the conept of a green ship to the lifetime of the ship. 
The novelty of the paper is to classify the yards into two categories: clean and green yards and to change a one-dimensional thinking to a holistic, systematic and transdisciplinary one in order to break the silos between different disciplines and improve energy efficiency within the cluster. In addition, the study designed and developed a holistic, systematic and transdisciplinary energy management framework to support shipyard managers in an uncertain environment to make rational and optimal decisions to improve energy efficiency and reduce air emissions by considering the relationship between energy efficiency and air emission reduction measures in five disciplines, namely human element, technology and innovation, policy and regulation, operations and economics. Finally, the validity of the proposed energy management framework was examined through its implementation in the studied shipyards.
The adoption of the proposed framework in this paper will promote the Green shipping concept within the ships’ lifecycle and support sustainable shipping for a sustainable planet. Moreover, as the EnMF considers all aspects of energy and mitigation of air emissions, the framework can boost both business and socio-economic perspectives for shipyards and plays a win-to-win deal and become interested in the shipyards’ owners. Meanwhile, as IMO strives to reduce the shipping carbon intensity and air pollutants and in alignment with that EU Green Deal emphasizes decarbonisation, the topic has local, regional, and international interest for policy makers both in the maritime cluster and shipbuilding industry. Within this context, the rest of the paper is organized as follows: Section 2 provides an overview of the actions taken by the IMO as the regulatory body for international shipping in the ship operation cycle and ports to develop energy efficiency and to identify research gaps by studying articles related to energy efficiency improvement and air emissions reduction in shipyards. Section 3 summarizes the systematic literature review conducted regarding the main contribution on presenting the definition of “environmentally sustainable shipyard” and designing the Energy Management System (EnMS) as well as the proposed methodology and methods to develop the EnMF. Section 4 provides the definition of environmentally sustainable shipyards and their two concepts, i.e. “Green” and “Clean”. Moreover, to promote Green shipyard, EnMF and EnMS are introduced that have the potential to contribute to the states’ NDCs under the Paris Agreement, as well as EU Green Deal in helping zero carbon footprint products and decarbonisation in the transport sector. Case studies and discussions are provided in section 5 and conclusions are carried in 6.
1.1. Research objectives
The objectives of the present research work may be summarized as follow:
· How to define and design an environmentally sustainable (clean and green) shipyard?
· What are the the main disciplines of the holistic, systematic, and transdisciplinary EnMF? 
· How to design an EnMS by choosing the appropriate measures and tools for a shipyard?
· How to implement EnMF?
2. [bookmark: _Hlk72097107]Literature review
[bookmark: _Hlk72097128][bookmark: _Hlk72097207]Negative externalities to the environment consist of (GHG) emission [15] that causes global warming and air pollutant [16], which has a direct effect on human health [17][18], as well as caused a strong negative impact on the economic life of both individuals and society. While shipping operation contributes to 2.89% of global emission [5], ports’ contribute to 2% of related shipping’s GHG emissions. However, by considering the “business as usual” flow, it might rise four times by 2050 [19]. Moreover, Shipping contributes 5-10% and 17-31% for sulphur oxides (SOx) and nitrogen oxides (NOx) emissions, respectively [20]. Based on the study of Sharma [21], 230 million people in 100 ports are affected by Shipping’s emissions (e.g. due to port and shipment of cargo activities, 3700 premature deaths occur annually in California) and annual external cost of EUR 12 billion from non-GHG-emission (NOx, SOx, and Particulate matter (PM)) is estimated for 50 largest ports in the Organization for Economic Co-operation and Development States (OECD) [19]. IMO as a regulator of international shipping strives to control and mitigate emissions from shipping. IMO applied multi-disciplinary measures of technical, operational, and economical for reducing GHG emissions. EEDI is a technical measure in reductions of emission while SEEMP is an operational measure. The third dimension is Market Based Measures, which is an economic perspective and considers the carbon market, such as Emission Trading System (ETS) [22]. Moreover, MARPOL Annex VI introduces the measures for controlling and mitigating other types of emissions such as SOx, NOx, and PM. Meanwhile, in April 2018, IMO by adopting the initial IMO strategy on reduction of GHG emissions from ships, demonstrates its priority in tackling GHG emissions from shipping. IMO set a vision to reduce the total annual GHG emissions by at least 50% by 2050 compared to 2008 [23]. Ports decarbonisation as vital players in the logistic supply chain with high negative environmental impacts is important to achieve the IMO’s initial GHG strategy [24]. However, ports’ success depends on different factors such as geographical location, regulatory and political framework, and port governance [25].
[bookmark: _Hlk72097218]Normally, substantial cycles of a typical ship could be included some processes such as design, construction, operation, and scrapping [26]. Based on such substantial cycles, the shipyards could be categorized into three types like Newbuilding, Conversion and Repair, and Dismantling [27]. Shipyard operations consist of various manufacturing processes such as cutting, bending, blasting, and welding [28]. Moreover, considered as one of the important global industries, shipbuilding is a significant energy-consuming and polluting industry and releases a substantial CO2 (4% of ships’ life cycle emission), as well as air pollutants such as CO (29% of ships’ life cycle emission [6]), SOx and NOx footprint on the environment [7]. The total amount of ships’ life cycle CO2 emission in building, maintenance, and dismantling stages is higher than the ports’ contribution with around 2% [19] of operational CO2 emissions.
[bookmark: _Hlk72097241][bookmark: _Hlk72097251]There is a big gap between East Asian shipbuilding companies and European ones in manufacturing ships [29][30]. Based on Clarkson’s report, while 20 top shipbuilders companies could deliver a vessel per day (365) with a total 14,598 K Compensated Gross Tonnage (KCGT) in 2019, the European shipbuilder companies contribution was only 10 (1,400 KCGT) vessels, and the Asian ones delivered 355 (13,198 KCGT) vessels in the same year. Meanwhile, after China, South Korea, and Japan with a contribution of 57.7 m. CGT (2,309 vessels) order book in 2020, five European countries of Italy, Germany, France, Finland, and Russia are placed in fourth to eight ranks with only 10.7 m. CGT (96 vessels). To fill the gap and maintain competitiveness is crucial that European shipbuilding companies consider innovation and sustainability measures such as energy efficiency, life cycle oriented and green products perspectives in their portfolio. Moreover, there is a great emphasis that the industry considers Life Cycle Assessment regarding their environmental footprint from “cradle to grave” with the integration of “Green” and “Safe” products [31]. Despite some large shipyards are heading toward sustainable development by reducing their footprint on the environment [32], a large number of shipyards especially smaller ones as Small and Medium-sized Enterprises (SMEs) have not taken appropriate actions accordingly [33]. As such a gap exists especially relating to SME shipyards, an institutional report has emphasized industrial products with low or zero-carbon emission processes through the life cycle analysis to promote energy-efficient use, to substantially reduce or avoid GHG emissions and air pollutants. Furthermore, in the EU Green Deal and in the new “Fit for 55” package, as well as in the Conference Of the Parties (COP) (25), the EU has declared their plan that by 2050, they will become the first climate-neutral continent  [34].  Indeed, the EU insists that they need to carry out their research systematically and comprehensively to enhance energy efficiency and to reduce air pollution aiming to obtain such an ambitious goal [35][36]. In this regard development of EnMF as a “radical novelties” [37] within shipyards can be an appropriate response to comply with the EU’s Green Deal concept in transport cluster by helping to improve both economic competitiveness and reduce the negative environmental impacts, and enhance sustainability and promote Green shipping concept within the lifecycle time of ships [38].
However, according to the extensive literature review, there is a lack of academic studies and discussions to improve the concept of green ships from a life cycle perspective, sustainability, energy efficiency and air emission reduction in shipyards, and if there are any studies, they are focused on a one-dimensional approach [14]. 
Liesen et al., [39] provided the technical approach and emphasized energy savings, implementation of energy efficiency measures in Portsmouth Naval Shipyard and Jeong et al., [40] described the power grid and the simulation of applying flywheel energy storage system on the power grid at the shipyard for shore power to ships and offshore facilities to save fuel consumption and reduce air emissions. In addition, the development of smart shipyards using data envelopment analysis has been shown by Woo et al., [41] and the implementation of Industry 4.0 at shipyards using fuzzy AHP-TOPSIS hybrid method has been explained by Cil et al., [42]. 
Utilization of different types of renewable energy in shipyards has been investigated in various studies. Hadžić et al. [43] identified the feasibility of investments in renewable energy systems for shipyards and the use of a photovoltaic power plant for a shipyard, and the potential of wave power parks for shipyards in Portugal was explored by Miglietta [44] and Neumann et al., [45], respectively. At the same time, the implementation of floating offshore wind platforms in shipyards was addressed by Castro-Santos et al., [46] and Castro-Santos et al., [47].
Energy efficiency decisions and the selection of main engines in a sustainable shipyard supply chain were addressed by Xie et al., [48] and Krishnan et al., [49] examined optimal cargo handling in a shipyard. Meanwhile, the utilization of data for maintenance and repair activities in shipyards was investigated by Mayo et al., [50] and Praharis et al., [51] studied the improvement of energy efficiency with respect to the material supply chain through the development of modeling.
2.1. Research gaps
Given the extensive literature review, the authors have identified the following research gaps:
· There is a wealth of information on improving energy efficiency and reducing air emissions in the shipbuilding industry, but there is a lack of a holistic, systematic and transdisciplinary approach to integrating these factors. 
· There is generally a one-dimensional approach to improving energy efficiency and reducing air emissions in shipyards.
· There is a lack of synergies and integration concepts between different stakeholders and disciplines to improve energy efficiency and reduce air emissions in shipyards.
· There is no holistic, systematic and transdisciplinary implementation of an EnMF applicable to shipyards of different types, sizes and geographical locations. 
3. Methodology
[bookmark: _Hlk72097267]This paper consists of a two-step research process. First, a systematic literature review regarding designing of a sustainable (clean and green) shipyard as well as identifying the main disciplines of the EnMF, which are human element, technology and innovation, policy and regulation, operation, and economics and in align with that choosing the appropriate measures and tools, i.e. EnMS to design the procedures that shipyards strategically work on energy, i.e. EnMF. The second part contains the proposed methodology that gives the opportunity to the shipyards’ DMs to choose the best measures and tools based on their preferences and priorities to develop the procedures for the long-term energy strategy.
[bookmark: _Hlk72097277]3.1. Systematic literature review
[bookmark: _Hlk72097287]A systematic literature review (SRL) is conducted in the first step of the study. The SRL uses systematic methods to identify, evaluate and integrate the results of studies related to one or more
research questions [52]. In the first step the “research questions” formulated” as follow:
· How to define and design an environmentally sustainable (clean and green) shipyard?
· What are the the main disciplines of the holistic, systematic, and transdisciplinary EnMF? 
· How to design an EnMS by choosing the appropriate measures and tools for a shipyard?
· How to implement EnMF?
In the next step the “research protocol” (inclusion (criterion 1) and exclusion (criterion 2)) with respect to reseach questions was developed. Table 1 shows the inclusion (criterion 1) and exclusion (criteron 2). The inclusion contained peer reviwed articles and high quality conference papers, books, industrial and technical reports, which are relevant to research questions and address energy efficiency and exclusion contained duplicate articles, non peer reviewed articles, low quality industrial and technical reports, and articles that not totally covered and improved energy efficiency.

Table 1. Inclusion and exclusion criteria.
	Criterion
	Criterion one (inclusion)
	Criterion two (exclusion)

	
	
Peer reviwed articles and high quality conference papers, books, industrial and technical reports, which are relevant to research questions and address energy efficiency.
	Duplicate articles,  non peer reviewed articles, low quality industrial and technical reports, and articles that not totally covered and improved energy efficiency.



Refer to “research questions” the “literature search” was conducted.The main goal of this section was to find all relevant studies related to the topic. The literature was found through searching for keywords in “Scopus”, “Science Direct”, “Google Scholar”, “Research Gate”,  and “EBSCO” databases with respect to criterion one (see table 1). The following keywords or combination of keywords were used to identify the literature; “shipyard”, “green shipyards”, “clean shipyard”, “sustainable shipyard”, “ship building”, “ environmental sustainability”, “energy intensive”, “energy efficiency”, “energy barriers”, “ energy conservation”, “energy policy”, “energy management”, “energy system”,  “renewable energy”, “sustainable shipping”, “sustainable ports”, “port industry”, “environmental performance”, “reduction of air emission”, “socio-technical”, “interdisciplinary”, “transdisciplinary” and “ Life cycle assessment in shipping”. Total number of 1266 literature was identified. In the next step “studies per protocol” were selected. The selected literature in “literature search” was screened by authors. The criteria which have been developed in “research protocol” were used. Three filteration steps were applied in this section (See table 2).



Table 2. Filtering steps
	Filtering steps
	          Filtering one
	           Filtering two  
	Filtering  three

	
	Exluding of duplicates and other none related studies.
	    Abstract and conclusion scan, and application of  criterion 1.
	Full paper reading and application of criterion two


 In the first round of filtering 336 literature were exluded. In the second filtering step 469 more literature was excluded. In the next step (filtering 3),  461 full paper read completely and criterion 2 was applied and 213 literature was excluded. Additionally, through forward and backward snowballing 23 more literature was added to the list. Total number of 271  (during the period 1996-2021) literature was selected as the final number of literature. In the next steps the studies were “appraised per protocol”. The authors evaluated the methodological quality of the selected full-text articles to determine whether the selected literature met the criteria for the protocol and topic and “extract data” the required data with refer to “formulated research questions”. In the next step, the extracted data were “analysed” and 117  number of the selected literature (n=271) was excluded and 157  literature with respect to  limitation and strenght of litearture was interpreted to answer the “research questions” (see Fig 2).
[image: ]


3.2. Transdisciplinary approach and Multiple Criteria Decision Making (MCDM) to develop EnMF
The EnMF could be considered as a multi-sectoral framework acting on the contribution of various agents in fuzzy logic. The framework helps the Decision-Makers (DMs) to have a better and justify decision while confronted with a complicated situation [53]. To structure a process and as well as create a strategically specific plan with all playing makers' participation, as well as to optimize the decision to a complex problem, the transdisciplinary approach in aligning with the optimizing decision methods must be considered and developed [54]. The transdisciplinary approach could be included two parts:
· Identifying the potential problems existing in the complex and large system via the application of the scientific methods, and “use the complementary feature of multiple established methods”; 
· Designing, developing, and implementing the communication, co-operation plan by considering all perspectives, ideas, interests, priorities, and preferences of stakeholders involved in the system [55], which can be achieved by creating Communication of Practice (CoP) [56].
As seen from Fig. 3, the process of transdisciplinary planning should comprise two key factors such as forwarding operating and backward planning. As reported, forming the goal, analyzing the system, constructing the scenario, evaluating the multi-criteria, and building the core strategy are the main components of the forward operating. Besides, forming the strategic goal, assessing the scenario and the spectrum of scenarios, evaluating system models and sectors are considered as the task of backward planning [54]. In a vague atmosphere, lack of information, and inconsistency, DMs generally fail to make appropriate decisions and define their preferences [57]. The Multiple Criteria Decision Making (MCDM) can help DMs to understand problems and choosing the options in a fuzzy atmosphere among different alternatives by considering and evaluating different attributes [58] and the Fuzzy Analytic Hierarchy Process (FAHP) is one of the techniques to tackle the fuzziness of the information that might affect in deciding the preferences of DMs in the various variables [59]. The reason for choosing the fuzzy approach is back to limitation of AHP method, which can not accurately reflect the human mindset [60] and can not vividly express the DMs opinions in choosing among different alternatives [61]. The lack of  support in expressing DMs opinion leads to unbalanced judgements and enhances uncertaintities in creation of precise pairwise comparison process [62]. However, implementation of the fuzzy approach provides more confidence to DMs to have interval assessments instead of fixed value assessments [63].
Moreover, the technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is another method that is used within the MCDM in different criteria [64][65]. The DMs by identifying the problems and applying their priorities for each attribute can evaluate the alternatives, develop the preferences and finally choose the best options among the others. Based on the study of Strantzali et al. [66], there were around 41% of studies on decision-making topic with regard to the investments in renewable energy sectors during the period of 2005-2014 used individually or in the combination of AHP, multiple criteria, TOPSIS, and fuzzy methods. In designing and developing the EnMF, the FAHP and FTOPSIS methods within MCDM methodologies and techniques are proposed to justify the transdisciplinary and tailor off capacities of the framework, identify the priorities of DMs to trade-off solutions, make the Key Performance Indicator (KPI) for shipyards, as well as  optimize the decision. However, depending on type of data and the number of DMs , exceptional MCDM techniquies may be used [67].
As Fig. 4 shows the MCDM consisting of five different combinations could be divided into Multi-Attributes Decision Making (MADM) and Multi-Objective Decision Making (MODM) [64]. Depending on the type of data (explicit or linguistic) and the number of DMs, any combination of MCDM techniques can be used. The number of respondents may also vary depending on many factors, such as ownership and the organizational form of the yard [14]. To overcome the challenge of various priorities of multi actors within the energy regime, the Fuzzy Multiple Attribute Group Decision Making (FMAGDM) might be used to promote Decision Support System (DSS), to support the DMs in making decisions more rational, and to optimize the fuzzy multi-criteria areas. In this study, the FMAGDM-based algorithm consists of priorities of experts within the criteria by considering the various importance degree, attribute weight, and fuzzy assessments [68]. Three different methods of a questionnaire, interview, and observation or combination of them might be used, to identify the priorities of the multi actors in the shipyard. By analyzing data and information that is achieved from the methods and interviewees, the attribute weight of disciplines along with sub-criteria in each main criteria could be obtained. Furthermore, the most feasible alternatives in each primary criteria could be ranked by FMAGDM method. In continuation, based on the experts and DMs’ priorities and using the FMAGDM method, alternatives could be ranked and the best trade-off solutions would be achieved. Therefore, such criteria could become the KPI in designing and developing process of the energy management framework and system of each shipyard. More interestingly, the Plan-Do-Check-Act (PDCA) cycle has assisted these approaches, making more dynamic EnMS and EnMF so that they could be smoothly operated with the continuously-updated technologies and DMs priorities. 
[image: ]
Fig. 3. Transdisciplinary approach to design and develop Energy Management Framework and Energy Management System in shipyards.
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Fig. 4. Different combinations of MCDM for evaluating trade-off solution in shipyards. Adapted from [64]



4. Results 
After a systematic literature review and identifying the lack of study and research about environmental sustainable shipyards and the presence of long term energy strategy at shipyards, the following findings are presented in this section:
· The importance of a sustainable shipyard in mitigation of shipping air emissions footprint as well as promoting Green and sustainable shipping in the life cycle perspective is presented. 
· Two concepts of a sustainable shipyard, which are “Green” and  “Clean” are discussed in detail. 
· The important role of the EnMF to promote a “Green” shipyard is discussed and the concept and methods to develop the EnMF for the shipyards are presented and based on the systematic literature review the required measures and tools to form the EnMS is provided.
· As the EnMF is an innovative instrument in the socio-technical system and acts as a niche in the micro-level, it is essential to be supported by the society till the EnMF is adopted by the related social group, which is the shipbuilding industry. The adoption procedure, stages, as well as related threats and opportunities for each stage are elaborated.
4.1. Environmentally sustainable shipyard
4.1.1 Why environmentally sustainable shipyard?
Shipbuilding produces a large amount of waste and pollutants that each has negative impacts on human health and the environment [7][27]. Shipyards must play the role and take appropriate action in the mitigation of their negative impacts. To minimize such negative impacts is crucial that shipyards promote their sustainability and follow the “sustainable concept” within their portfolio. As the shipyards introduce a considerable amount of pollutants to the land, soil, water, and air [28], following the “sustainable concept” could minimize the environmental and societal impacts of shipyards’ operations. The attribute ‘Green’ is often being used instead of sustainability; however, there is no uniform definition and interpretation for the “Green” concept and its relation with sustainability [69]. The rationale used to provide a rational taxonomy for environmentally friendly shipyards is as follows: In this study, the authors divided the pollutants from shipyards into two categories of waste and air emissions. At the moment there exist national and international regulations on waste disposal, water treatment, and air pollution limits from engines and boilers. However, there currently exist no binding regulations for the maximum amount of GHG and air pollutants emissions permitted from individual shipyards [10]. The shipyards that become successful in eliminating waste from their operations are called “Clear” and the ones as the current state of the art. The shipyards which eliminate air emissions from their operations, as may be anticipated for future shipyards are called “Green” shipyards. The main scope and border of the study and proposing EnMF is related to the “Green” concept.
As shown in Fig. 5, due to the crucial role of energy consumption in energy productivity [33][70] and environmental and socio-economic aspects [71], and to mitigate the negative impacts of energy consumption in shipbuilding, as well as the negative impacts of non-energy related emissions such as Volatile Organic Compounds (VOC) and Non Methane Volatile Organic Compounds (NMVOC) the authors propose the “Green” concept for shipyards accordingly. While the Clean concept deals with systematic assessment of the environmental aspects and impacts of production and supports the process to mitigate pollutants and reduce their negative impacts on water, soil and land, the Green concept deals in mitigation of air emissions. Combination of both concepts leads to a boost of environmental sustainability and the competitive advantage of shipyards. By separating the air emissions from other types of pollutants and extracting energy criteria from the environmental management and consider energy as an independent pillar, the policymakers and shipyards’ managers will pay more attention to the energy consumption and its relevant emissions during ship manufacturing [14]. Implementing this policy will lead to adopting sufficient international, regional, and national regulations for mitigation of shipping air emission footprint [38], as well as promote Green and sustainable shipping in the life cycle perspective.
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Fig.  5. Sustainable Shipyard (Clean and Green Shipyard) aspects

4.1.1.1 Clean shipyard
The clean shipyard by applying a systematic approach and complying with international, regional, and local regulations such as the water service Act, waste Act, and waste Decree, Land use and building Act [10] strives to evaluate the environmental aspects, and prevent, reduce and minimize its operations’ ecological impacts on the soil, land, and water. It includes but is not limited to the management of environment and waste, and the in-time response to the environmental pollution aiming to control, monitor, and mitigate the negative and adverse influences on shipyard activities. The primary elements of a clean shipyard in ship manufacturing are 3R, as depicted in Fig. 6a:
To implement well the 3R strategy in Fig. 6a, any input resources in activities of shipyard should be divided into two processes as the production one (including resources/energy used directly in manufacturing ships) and the support one (including resources/energy used indirectly in manufacturing ships) [72]. As given in Table 3, the criteria associated with minimizing, recyclable, and reusable ability should be put on top for the input resources of any production and support processes aiming to vanish waste in a clean shipyard. However, in the case of releasing waste, those waste types should satisfy the requirements of environmentally friendly nature, recyclability, and reusability. Based on this approach, a clean Shipyard could be defined as follows: “A shipyard is considered absolute Clean when any production and supporting processes in manufacturing a ship have zero environmental impacts”. However, to achieve a clean shipyard, the yard's DMs must design, develop and implement management frameworks, such as environmental management [73], waste management [74], water management [75], air noise management and underwater noise management [76], sweat management [77], garbage management [78], waste to energy management [79], industrial symbiosis and circular economy framework [80], and environmental pollution response mangement [81].
4.1.1.2. Green Shipyard
The fact shows that the consumed energy in each shipyard could be divided into three branches serving production process, support process, and intermediate process (such as transportation in the shipyard) [26]. As illustrated in Fig. 5 with the energy-intensive nature of shipyards [6][7], the consumed energy degree is believed to play a critical role and take an important place in evaluating the criteria of a Green shipyard; therefore, the criteria associated with the consumed energy degree and ability to exclude pollutant types seem to be a pillar in the Green shipyard concept. According to this opinion, highlight the energy role and the importance of mitigating/eliminating pollutant emissions could raise the awareness of society, shipyard managers, and policymakers [14]. Undeniably, Green Shipyards should strive to minimize energy consumption along with related pollutant emissions, as well as non-energy resource emissions such as VOC from coating and paints [82], and dust from surface treatment, cutting, and welding [83]. Due to this reason, Green Shipyards should consist of three core principles with regard to the energy chain such as production, consumption, and conservation. Indeed, the key elements and goal of a Green shipyard could be illustrated in Fig. 6b:
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Fig.  6. (a) - 3R and (b) - 3E criteria for clean and green shipyard
Obviously, the 3E approach (so-called Trias Energetica [84]) shown in Fig. 6b not only reduces air emissions but also helps to design and implement an transdisciplinary EnMF for promoting socioeconomic criteria towards sustainable development [85]. To achieve such Green shipyard strategies, energy sources must be used the most efficiently and sustainably to minimize pollutant emissions as well as improve the air quality through the nearly zero-emission/zero-emission pathway. Based on the 3E criterion, the definition of Green Shipyard could be indicated that “A shipyard is considered absolute Green when any production and supporting processes in manufacturing a ship have zero air emissions”.  To achieve a green shipyard, the yard's DMS must design, develop and implement a holistic energy management framework that includes measures and tools such as energy production [86], energy performance and audit [87], energy conservation [88], energy monitoring system [89], air pollution monitoring system [90], alternative clean fuel [91], smart micro grid [92]. In general, the critical nature and elements, and the definition of a Clean and Green shipyard could be summarized in Table 3. 

Table 3. The critical nature and elements of shipyard based on clean, green, and environmentally sustainable criteria
	Shipyard’s Concept
	Inputs
	Critical Elements
	Type of Processes
	Expected Results
	Definition

	Clean Shipyard
	Material
	-Recyclability of materials
-Minimizing the use of materials
-Reusability of materials
	-Production process
-Support process


	-Recyclability and reusability of waste sources
-Environmental friendly waste

	A shipyard is considered Clean when any production and supporting processes in manufacturing a ship have zero environmental impacts.


	Green Shipyard
	Energy
	-Promoting the use of renewables and transition toward clean and green energies
-Minimizing the use of fossil-based energy/fuels
-Efficiency in the energy use 
	
	-Mitigating the pollutant emissions
	A shipyard is considered Green when any production and supporting processes in manufacturing a ship have zero air emissions.


	Environmentally Sustainable Shipyard
	Material and Energy
	-Recyclability of materials
-Minimizing the use of materials
-Reusability of materials
- Promoting the use of renewables and transition toward clean and green energies 
-Minimizing the use of fossil-based energy/fuels
-Efficiency in the use of energy
	
	-Recyclability and reusability of waste sources
-Environmental friendly waste
-Mitigating the pollutant emissions
	A shipyard is considered sustainable when any production and support processes in the ship manufacturing  satisfy both criteria of Clean Shipyard and Green Shipyard




Based on the above-mentioned analysis, it could be concluded that improving shipyard’s operational efficiency such as lean manufacturing could have a significant contribution to the promotion of Clean and Green shipyards [7][93]. Besides, every single operation in Clean and Green shipyards should be efficiently performed to enhance competitiveness and to develop the economy [94]. Moreover, complying with local, national, regional, and international standards and adopting best practices are also the tasks of Clean and Green shipyards to becomes prepared for unpredicted consequences from climate change as well as the related negative impacts [95]. However, in the preparation process of a scenario to respond to such consequences and related impacts, it should evaluate climate resilience, take into account the legal framework, and analyze the quality and risk of the system to propose the appropriate management policy and solution. Therefore, it could define a Sustainable Shipyard as: “A shipyard is considered sustainable when any production and supporting processes in manufacturing a ship have both zero environmental impacts (Clean shipyard) and air emissions (Green shipyard)”. 
It is evident that there is interrelation, intertwined, interaction, and synergy between clean and green shipyards, as demonstrated in Fig. 5. It means that a shipyard cannot be a sustainable one if only consider air pollution mitigation measures and improve energy efficiency aspects of the activities or in contrast if only strives to minimize other types of pollutants. It means that when a shipyard follows the Green and Clean concepts, it becomes a Sustainable shipyard. Furthermore, there might be some measures in Clean shipyards affecting and promoting Green aspects of the shipyard and vice-versa. For example, recycling assists in reducing both emissions and solid waste. If a shipyard considers these measures cannot claim that it is both Clean and Green, because it is compiled and fulfills only one measure of Green and Clean shipyard.
4.2. Energy Management Framework and Energy Management System in a Green Shipyard
4.2.1. Why EnMF in the Green shipyards?
To promote sustainability, economic and ecological values must be combined to achieve a win-win result [96]. This needs improving in resource and energy efficiency and developing innovative solutions such as management frameworks and clean and renewable technologies [43] [97]. To tackle climate change which is the priority of this century, as well as to promote human health, considering a holistic approach in sustainable energy production and energy policy [98] are crucial and by referring to ramifications of climate change can justify having such policy in the maritime energy sector [99]. An example of such energy policy at the regional level is the recently agreed EU Green Deal, in which the EU Green Deal is based on four pillars, i.e., carbon pricing (marine traffic will be considered in ETS), sustainable investment, industrial policy, and transition [34][100]. The main concerns of the EU Green Deal are promoting energy efficiency, which acts a pivotal role to increase energy productivity and in reducing air emissions from industries [101][102] and circular economy performance within each industrial sector [38][103][104]. The EU strives to address pollution from heavy industries (e.g. shipbuilding) by adopting related policies inconsistent with climate change, energy, and circular economy policies [31] [105] and by focusing on energy and circular economy measures [106]. Furthermore, at the industrial level, the primary concern of industrial managers is economic prosperity, competitiveness, profit, safety, and stability of their business [35][107]. Due to increasing awareness about environmental aspects and Corporate Social Responsibility, businesses pay increasing attention to the environmental elements and strive to reduce their negative impacts by managing energy consumption [108]. To achieve the efficient-energy use, every shipyard needs to have a long-term energy strategy and fulfill an energy management program [109]. It is clear that only a holistic and integrated approach could mitigate pollutant emissions in shipyards. Alternatively, to fulfill decarbonisation from the shipping industry, it should take into account the role of lifecycle measures in the mitigation of emissions [14].
Relating to the EnMF of shipyards, it could be utilized to determine the procedures aiming to have a long-term strategy associated with energy production, consumption, and conservation. The EnMS is considered as one of the measures and tools, which could be employed for implementing the procedures to achieve the strategic goals [33]. The framework provides the shipyards’ managers with an opportunity to make a simple and rational decision in a complicated situation. However, in order to support the EnMF in the shipyards, the related EnMS must be appropriately adopted in the shipyards’ organizations. The framework by considering holistic, and the transdisciplinary approach could be applied to break the silos and provide depth (knowledge extent), breadth (knowledge criteria), and synthesis (integrating different knowledge/perspective into uniform knowledge/experience) to optimize the decision of DMs [54]. Employing the framework leads to mitigate industrial air pollutions and GHG emissions from shipyards. This type of approach promotes the “Green Shipyard” concept and supports sustainable shipping [14]. In addition, The framework with taking into account the life cycle analysis of the procedures in shipyards would support the zero-emission shipbuilding industry, green products, and mitigation of emissions. To reach the EU’s ambitious goal (climate-neutral continent by 2050) [110], developing, implementing, and complying with EnMF within shipyards can be part of industrial policy in alignment with the EU Green Deal into decarbonisation of transportation. Moreover, applying the EnMS leads to the improvement of energy efficiency and air quality and reduction of air emissions within the shipyards that make it cost-effective measures concerning ETS [100]. Meanwhile, shifting to green technologies and using renewable sources of energy to provide the necessary power of the shipyards is a sustainable investment that fosters job creation, innovations promote and support the EU’s innovative companies, as well as assist in the transition process and export of the EU Green Deal [34].
EnMF can be designed and developed for different sizes of shipyards and other industrial sectors. Shipyard size, location and type of operations play an important role in selecting priorities for improving energy efficiency in shipyards [67]. As flexibility is one of the key features of the framework and as there is no “one-size-fits-all” approach to improve energy efficiency [111], the framework could be adapted based on the shipyards’ portfolio and DMs’ priorities, as well as trading-off between issues to adjust the framework to any sizes and types of shipyards. The final EnMF and EnMS for each shipyard could be designed and developed by comparing the present case and alternatives concerning the defined criteria. MCDM methods could be used [39][66] to identify the best alternatives to support DSS and assist the DMs in making more rational and optimized decisions in multi-criteria and fuzzy areas. Moreover, the design, development, and implementation of such a holistic framework could raise policymakers’ awareness to adopt policies by considering energy management to enhance energy efficiency potential [112] and create a movement to meet the zero-emission goal in the life cycle of ships. Furthermore, as shipbuilding is an energy-intensive industry [7], developing and implementing such a framework not only promote the position of shipyards in economic competitiveness in the market and improve their financial benefits in both business economic (reduction of energy cost and improve the industrial capacity in ETS) and socio-economic (external cost) perspectives but also create both capacity building and development for any enterprises that comply with the framework to present and train the personnel of other interested shipyards and even other industries.
4.2.2. Concept of EnMF 
As Fig. 7 shows, the EnMF is placed on the top, and through the five pillars (disciplines), it will result in the development of the Green shipyard in life cycle time. A systematic approach has been used to design the framework. It means that to solve the problem, we look to energy through the other stakeholders’ perspectives [33][113] and substitute the single dimension of thinking with a multi-dimensional one. As the energy is categorized in the socio-technical system [35][114], it is essential to consider the solution, which is technology within the related environment and social context.
The EnMF is an transdisciplinary framework and contributes bridging socio-technical aspects and a variety of perspectives, methods, and models can be used to synthesize the improvement of energy efficiency in shipyards. Accordingly, based on the systematic literature review, it could be understood that the five disciplines of the human element, technology and innovation, policy and regulation, operation, and economics are the most important disciplines among the others to improve energy efficiency in shipyards [14], and accordingly the framework is based on the five mentioned pillars, which are complementary and each contains various measures and tools to support and promote the EnMF. 
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Fig.  7. The Energy Management Framework concept  
The human element (such as Training) [115], Governance and Corporate Social Responsibility [116], Education [117], Capacity building [118], Awareness Raising [119], Research and Development (R&D) [120]) was chosen as one of the disciplines in the EnMF because within the complex socio-technical system and shipyard sectors plays a crucial role and is continually being transformed and redefined by technological advancement [121]. Moreover, technology and innovation (including Digitalization (4th Industrial revolution)) [42][122][123], Micro Grid [41][124], Renewable Energy [43][44][45][47], Electrification (Battery, Fuel cell etc.) [125], Alternative clean fossil fuel (Natural gas etc.) [126], Carbon Capture and Storage (CCS) [127]) was chosen as another discipline in the EnMF because it is essential for sustainable energy transitions to necessarily comprise socio-technical aspects [128] as well as effects on changing market requirements and evolving maritime curriculum [129]. In alignment with that operation of the shipyards (such as Resource Management ( Demand response management) [50][130], Project Management [51][131], Lean Approach [132][133], Production Planning and Strategy e.g. Integrated Hull Construction, Outfitting, and Painting (IHOP) [32], Optimizing shipyard design [134]) was chosen as another column in the EnMF, because it can potentially influence productivity, efficiency, and manpower requirements in shipyards [50]. Moreover, policy and regulation discipline (including Environmental regulations (International, Regional, National, and Local) [135], Life Cycle orientation [136], Green Products [137], Innovation, sustainability, and competitiveness [138], Energy Management System (ISO 50001) [139], Environment Management System (ISO 14001) [140], Cyber security [141],  Circular Economy [142], Voluntarily agreement [143]) is one of the most important factors to assist the shipping industry in achieving its ambitious goal for a substantial and swift reduction for carbon emissions reduction and the socio-technical transition within the sector [144]. Finally, economic factors and analysis (including Financial Source [145], Cost of energy [146], Levelized cost of energy [46], Lifecycle cost [43], Societal cost [147], Economic competitiveness [26], Cost saving [146], Incentive [148]) due to its important role in decision making and competitiveness within the shipyard and the maritime cluster [149] were chosen as the fifth discipline in the EnMF. 
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Fig.  8. Energy Management Framework and Energy Management System in shipyards

Fig. 8 shows the EnMF and EnMS and their specific components. Although each discipline has its tools and measures, they are interlinked, intertwined, and have interaction with each other and even some measures might be common in different criteria. For example, at policy and regulation criteria circular economy is placed; however, at the same time, it is crucial that required technology and innovation measures be placed to implement this policy. Another important feature of the framework is its dynamic characteristic. It means that the framework continuously is updated based on the feedback and results of implementation and new benchmarks and requirements are set accordingly. The dynamic vision can be achieved by complying with the Plan-Do-Check-Act (PDCA) cycle [85]. Fig. 9 illustrates PDCA cycle sequences that make the framework become a living document. These features of the framework lead to continuous improvement and adaptation.

[image: ]
Fig.  9. Plan, Do, Check, and Act (PDCA) cycle

4.2.3. Adoption of the EnMF
Innovation means introducing any new idea, material, policy, measures, etc. to a system to improve productivity and efficiency [150]. The most critical factor for the success of any innovation is its adoption. As shipping is a complex criterion with the engagement of multi actors, any innovation must be accepted by the relative social group. There are different types of approaches to innovation; the linear process is about introducing the innovation to problematic criteria until to solve the problem [151]. However, in the energy system, the process is more complex and does not occur through the linear approach  [152]. The innovation must be adopted by the end-users, as well as be supported for both marketing and seek user acceptance [153]. Furthermore, the innovation must be adopted in different phases and multilevel models from micro-level with abrupt changes to macro-level with long-term changes [154].
The EnMF is an innovative instrument in the socio-technical system to support the DSS in shipyard operations, in order to manage energy consumption and provide the DMs with a framework to make a simple, rational, and optimized decision in a complex atmosphere [14]. As the framework is a niche at the microlevel, it is essential to be supported by society till the EnMF be adopted by the related social group, which is the shipbuilding industry. 
 Fig. 10 shows the adoption process of the framework within three different levels of the micro (niches), meso (regime), and macro (landscape). The EnMF is an innovative measure and is placed at the micro-level of adoption. In order to be adopted at a higher level, it requires more time and effort. In the regime, the stakeholders in shipbuilding define their priorities, aims, and goals within the structural format [33]. As much as the multi-actors priorities in the different systems such as human element, economy, policy, technology, operation, etc. are homogeneous, the adoption takes less time and energy. Meanwhile, the landscapes in different criteria such as climate change, competitiveness, and human health act as the main driver to affect and pressure the direction of investment and introduce innovations in both meso and micro levels [155]. Furthermore, the growth of models (S curves) in the maturity of the innovation is essential to make the progression evolutionary [37][156]. It consists of three different phases of infancy, rapid growth, and maturity, and in each stage, there are opportunities and threats for the EnMF. 
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Fig.  10. Multi-level Energy Management Framework adoption
5.  Case studies and discussions
To understand how shipyards can develop and improve energy management related to the proposed framework, we conducted an in-depth case study for two different sizes of shipyards. A Bangladeshi shipyard and an Italian shipyard. To identify the size of shipyard the European Union (EU) definition was taken into consideration. The shipyard with less than fewer than 50 employees was considered as a small shipyard and a medium-sized shipyards were considered as ones with less than 250 employees. Shipyards with more than 250 employees were categorized into a big shipyard [157].
 A Bangladeshi shipyard
The shipyard is one of the first ship exporters from Bangladesh to produce both steel and aluminum ships. As a large private-sector enterprise, the shipyard is equipped with modern production facilities and has a capacity to produce ten 15,000 DWT ships of various types annually and based on European Union (EU) definition the shipyard is categorized as a small shipyard. The shipyard’s product range covers the marine structure, watercraft as well as steel fabrication of a reasonably complex nature. Multipurpose Container Ships, Dry Cargo Ships, Tankers of 150 m in length with a capacity of 15000 DWT, Passenger Vessels, Ro-Ro Ferries, and Ferries, 100-ton Pull Tugs, Dredgers, Crane Boats, Floating Workshops, Pilot Boats, Supply Ships, Survey Vessels, Inspection Craft, Fast Patrol Craft, Fishing Vessels, and bi-metal ships are some types of ships produced. Refer to the proposed transdisciplinary approach to design and develop EnMF and EnMS in shipyards (see Fig. 3) the energy strategy of the shipyard developed. A questionnaire designed and an interview conducted with 3 DMs of the shipyard. The following results are achieved and following worth reporting:
Goal formation: Based on the shipyard’s operation profile measures and tools are identified and classified into five main disciplines, which are human element, technology and innovation, regulation and policy, operation, and economics.
System analysing: Through FAHP method the attributes’ weight of each discipline was determined [59]. The economic discipline had the highest importance and policy and regulation were placed in the second rank. Technology and innovation and operation with a minor difference in the weights were set in the third and fourth ranks, respectively, and the human element discipline had the least importance. 
Scenario construction: The importance of the criteria weights’ i.e. cost, air emission, safety and security, and societal based on the DMs board were assigned through  FAHP method [59]. The societal became the highest priority and the safety and security criterion was in second place. Cost and air emission became the third and fourth priorities, respectively. 
Multi-criteria assessment: The measures and tools in each discipline through FMAGDM method were ranked [64]. 
Human element criterion: Training, capacity building, and Corporate Social responsibility (CSR) were placed in the top three ranks, and awareness-raising and R&D were recognized as the fourth and fifth top priorities, respectively.
Technology & Innovation criterion: The top three priorities in this criterion were changing the old equipment, digitalization, and electrification, respectively. Carbon Capture Storage (CCS) was placed in fourth place, and after that, Renewable Energy (RE) was ranked as the fifth priority. Alternative fuel and micro and smart grid were the last preferred alternatives, respectively.
Operation criterion: RMGM, production strategy plan, e.g. IHOP and lean approach were the top three priorities, and optimizing the shipyard design was the last option.
Policy & Regulations: Cybersecurity was placed as the priority in the policy criterion. These results prove the conceptual connection among different disciplines and sections of the framework. As the shipyard’s DMs had a plan to replace the old equipment with modern and digitized equipment, they had a rational concern about vulnerability to cyberattacks, and they raise the cybersecurity policy [141] as a top priority in the regulation part. The second and third top priorities were ISO 14001 and ISO 50001, respectively. It seems that general environmental management (ISO 14001) was a more significant concern than the only energy criterion for the DMs, and they believe that by implementing ISO14001 they can promote energy consumption and reduce its negative impacts in alignment with other types of environmental issues [140]. Life cycle orientation and circular economy were ranked fourth and fifth priority.
Economic criterion: The economic criterion had the top priority among the other criteria. This criterion contains the economic indicators (LCOE, LCC, Societal cost, and CBA), as well as measures such as financial resource, competitiveness, and incentive regime. In choosing the economic indicator, the DMs preferred to have Cost-Benefit Analysis (CBA) rather than the other types of analysis. It means that DMs consider benefits and costs by weighing all aspects and gains or losses that are created by the project [146]. However, CBA was very close to the Levelized Cost of Energy (LCOE) that DMs consider as the second top priority in the criterion, and LCC was ranked third in the table. In the measure options, financial source and incentive regime were ranked first and second, respectively; however, they were the fourth and fifth priorities in the economic criterion. Finally, the societal cost was chosen as the last economic alternative.
Strategy building: In continuation of the analysis, the top three alternatives from each primary discipline had been chosen and by applying the assigned weights of the primary disciplines and by referring to the linguistic answers of the DMs in different sections of the interview through the FMAGDM method [64], the top 15 alternatives were ranked. As Table 4 shows, LCOE, CBA, and LCC were the first top priorities as economic indicators which belong to the economic criterion. This means that the DMs prefer to have LCOE, CBA, and LCC analysis while choosing the measures and tools. In aligning with that policy and regulations alternatives, i.e. ISO 14001, ISO 50001, and cybersecurity were ranked fourth, fifth and sixth, respectively. The ranking of the cybersecurity alternative as the 6th top priority of DMs can be justified by the higher weight of the policy and regulations discipline in comparison with the technology and innovation discipline's weight as well as the position of the changing old equipment alternative (7th top priority), which tend to be replaced by modern and digitized equipment, as digitalization was the 8th top priority of the DMs. As the operation criterion had the higher importance weight in comparison with the human element, production planning strategies, resource management, and lean approach from the operation criterion were ranked 9th 10th, and 11th, respectively. Meanwhile, capacity building, training, and CSR were the last priorities of DMs, respectively.

Table 4. Top 15 best alternatives
	Disciplines
	Alternatives
	Ci*
	Ranking

	Human element
	A1=Training
	0.1416114
	14

	
	A2=Capacity Building
	0.1564658
	13

	
	A3=CSR
	0.1078328
	15

	Technology & Innovation
	B6= Electrification
	0.2177468
	12

	
	B7= Changing the old EQP
	0.3848825
	7

	
	B1=Digitalization
	0.3499421
	8

	Operation
	C1=Resource MGM
	0.2656415
	10

	
	C2= Lean App
	0.2612489
	11

	
	C4= Production planning strategy eg. IHOP
	0.2714914
	9

	Regulations & Policy
	D5= ISO50001
	0.6780492
	5

	
	D6=  Cyber security
	0.6756687
	6

	
	D7= ISO14001
	0.7460836
	4

	Economic
	E2= LCOE
	0.9021863
	1

	
	E3=LCC
	0.8588121
	3

	
	E5= CBA
	0.8839763
	2



Compliance with international, regional, national, and local legislative requirements, as well as maintaining and improving economic growth and prosperity to support sustainable development and improve efficiency and productivity are main challenges in shipyard activities [14]. There is a lack of study and research that addresses the energy management framework and system in the shipyard industry.  In the shipyard community, there is not any uniform and holistic approach for energy planning to provide required models, methods, measures, and instruments to DMs and stakeholders [67]. Development and conducting such studies and design and development of long term strategy in energy and lifecycle emissions within shipyards is essential in the development of Green ship aspects and sustainable shipping. To improve sustainable shipping is crucial to consider environmental issues in all parts of the shipping value chain. To reduce the shipping contribution to climate change, a systematic, holistic, and life span approach must be met by the participation of all stakeholders [14]. 
Shipyards, as one of the mother industries, are energy-intensive and material consumers [6] and introduce a large number of environmental pollutants that contaminate land, water, soil, and air [10]. It is essential that shipyards promote both Clean and Green concepts within their portfolio. While the Clean concept deals to mitigate pollutants and reduce their negative impacts on water, soil, and land, the Green concept deals with the mitigation of air emissions. The combination of both concepts leads to a boost of sustainability and the competitive advantage of shipyards. The challenge to maintain a good quality of products and reduce the relation cost within shipyards can be obtained by improving energy efficiency [35]. This can be achieved by investment in energy-efficient technologies and developing energy management systems to optimize energy-efficient practices [33]. Implementing such investment has been claimed to lead to benefit from and increase in productivity, prosperity, as well as environmental benefits. 
The proposed EnMF is a systematic,  transdisciplinary approach that can improve the energy efficiency of shipyards’ activities based on their portfolio and DMs priorities. It combines the five disciplines human element, technology and innovation, policy and regulation, operation, and economics in order to ensure a holistic solution is applied to the problem. This prevents one discipline to be strongly prioritised over the others, in order to highlight that optimising the view of one of these disciplines may come at a cost for the others. By including “Human Element” this framework contributes to ensuring that the implemented solutions can be practically implemented and that they will benefit the workforce as well as energy efficiency simultaneously [116]. As the EnMF considers all aspects of energy and mitigation of air emissions, the framework can boost both business and socio-economic perspectives for shipyards and plays a win-to-win deal, as well as fill the gap between Asian and European shipyards and can promote their competitiveness [29][30]. Furthermore, developing, implementing, and monitoring such innovative measures can help in promoting NDCs of states under the Paris Agreement for shipyards [14], as well as in accomplishing the EU’s Green Deal and relevant directives for green products and considering the environmental impacts from a design period, production process, and operation to dismantling/recycling process in the maritime cluster and support the EU ambitious goal for having a climate-neutral by 2050 [34]. It is crucial that shipyards consider the dynamic aspects of the framework and monitor the progress of implementation and act to promote and update the benchmark measures based on the portfolio, condition, and new technologies [67].
An Italian shipyard
The second case study concerns an Italian shipbuilding company. The yard builds merchant ships, passenger ships, offshore vessels and naval vessels and is also active in ship conversion and repair. According to the EU definition [157], the yard is categorised as a large shipyard. In the same way as in the previous case study and with reference to the proposed transdisciplinary approach, EnMF and EnMS were developed for the yard (see Fig 3). One of the main outcomes of the EnMF was DM's willingness to use renewable energy in its energy supply chain [43]. The feasibility study was carried out with regard to wind and solar energy. The results showed that 45% of the yard's annual electricity consumption, which was 1,270 MWh, could be covered by solar energy. However, the share of wind power was only 4%. While the levelised cost of energy (LCOE) for solar energy was $ 0.053 and the payback period was 6.2 years with an internal rate of return of 11%, the LCOE for wind energy was USD 0.411 and had a negative net present value of 25 years, making it not cost-effective to harness it. 
The analysis showed that the annual electricity consumption cost was USD 2,085,918 and the carbon dioxide emissions were 8,687 tCO2 eq. However, if the yard uses only solar energy to provide the required electricity, the yard can reduce the electricity cost by $938,663 and reduce emissions by 138 tCO2e per year.
6. Conclusions and future perspective
This work highlights the importance of using a holistic, and transdisciplinary approach in addressing the air emissions of maritime industry. It was shown that an energy-management framework can be useful in designing, developing and implementing energy policies to achieve this objective. While current focus has been on the operational stage of ships in mitigation of its negative environmental impacts especially air emissions, it is essential to change the mindset of policy makers to life cycle aspects and strives to minimize ships’ climate impact over their life cycle. The life cycle approach requires a holistic view with the contribution of all stakeholders to break the silos and establish transdisciplinary measures. The detailed examination of literature review shows that a large volume of information about improving energy efficiency and reduction of air emissions in shipyard industry is available, but that there is lack of holistic, systematic, and transdisciplinary approach to integrate of these elements.
 In this current work, the discussion of the way forward for a more thorough understanding of environmentally sustainable (Green and Clean concepts) shipyards and energy management at shipyards was conducted, indicating insights into socio-technical aspects. Indeed, these socio-technical aspects were synthesized into five bridging elements, i.e. human element, technology and innovation, policy and regulation, operation and economics materiality, and relationality as they are present in interrelated and overlapping ways in shipyards in various cases. 
 The novelties of this study are:
· Classification of shipyards into two categories: clean and green shipyards;
· Changing one-dimensional thinking with holistic, systematic and transdisciplinary thinking to break the silos between different disciplines in shipbuilding industry;
·  Providing and classifing energy efficiency and air emission reduction measures into five main areas;
· Design and develop a holistic, systematic and transdisciplinary energy management framework to support shipyards’ DMs in the uncertain atmosphere to make rational and optimal decisions to improve energy efficiency and reduce air emissions;
· Implement and test the validity of the framework in case studies.
The first main contribution of this paper is introducing new concepts of “Green” and “Clean” shipyards through a systematic literature review. A shipyard becomes sustainable if it is in line with both these Green and Clean concepts. As the Clean shipyards have the plan to mitigate all negative environmental pollutions (except air emissions) during ship manufacturing in both production and supporting processes, the Green shipyards extract the energy criteria out from the environmental umbrella and promote it as a pillar in developing a sustainable concept by mitigation the air emissions resulting from production and supporting processes of shipyards’ activities. 
The second main contribution of this current work is designing and developing an transdisciplinary EnMF in shipyards. This study provides bridging measures, tools, and elements which could be mobilized across the five defined disciplines and emphasizes on the transdisciplinary approach. However, it is challenging to break out of the silos created by the conceptual apparatus of individual disciplines and needs communities between bodies of knowledge and experts, i.e. CoP. The EnMF as the central pillar of Green shipyards leads to enhancing productivity, profitability, and mitigate GHG and air pollutants and promotes the green reputation of the shipbuilding industry and improves shipyards' competitiveness.
The third important contribution to the study is the implementation of the proposed EnMF model on two yards of different type and size in different geographical locations. The detailed analysis of the case studies shows that the framework can be adopted and implemented in yards of different types and sizes. Furthermore, it shows that the implementation of EnMF can increase productivity and profitability and reduce environmental problems.
The authors would like to highlight the study's limitations and future research agenda as follows: This study focuses on promoting green shipyards by developing an EnMF. Further research can be considered to promote clean shipyards. Secondly, this study on improving energy efficiency in shipyards within a life-cycle perspective of the maritime cluster, and is not a comprehensive solution to these challenges, but is intended to open the way to a new era. Such an approach has the advantage of promoting different disciplines depending on what is required in specific contexts. However, adaptations may be needed for different types of yards due to their different geographical areas, characteristics and portfolios, as well as different stakeholders. The limitation of this study is that more case studies on different types and sizes of yards in different geographical locations are needed to explore more research on the implementation of EnMF in different types and sizes of yards. For future research, the proposed framework can be designed, developed and used by managers in other industries and sectors, such as ports. As the framework is transdisciplinary, other disciplines, measures and tools can be considered based on the vision and priorities of managers and the nature of other industries and sectors.
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