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Ever since the concept of deep-sea mining was first described, the prospect of deep-sea mining testing and monitoring has proved to be a subject of great interest. Despite the considerable research and commercial attention given to developing deep-sea mining strategies, no previous study has looked explicitly at the sustainability of deep-sea mining transport plans. The objective of this paper, therefore, is to evaluate the sustainability of deep-sea mining vertical transport plans, using the methodology of fuzzy analytic network process. Major criteria for evaluating deep-sea mining vertical transport plans can be divided into technological, economic, environmental, and social components, each containing both qualitative and quantitative attributes. Weights for each criterion are determined through a questionnaire survey, completed by experts in the fields of environmental impact, policy making, marine mining, project sustainability consultancy and project economic profitability research. The research presented in this paper could be used directly in the sustainability assessment of upcoming deep-sea mining projects, furtherly contributing to the industrialization of the entire deep-sea mining industry.
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1 Introduction

Recent advances in deep-sea mining (DSM) strategies have led many international marine mining companies to develop implementation plans for the first seabed mining project. For example, the Canadian company Nautilus Minerals had stated its aim to begin mining minerals from the seabed belonging to Papua New Guinea in 2019 (Mining Weekly, 2018). Nautilus Minerals company had announced that they will be chartering a production support vessel (PSV) from Fujian Mawei Shipbuilding Ltd. for $199,910 per day, for a rental period of at least five years (Nautilus Minerals, 2018). Although the company is now bankrupt and many projects are on hold, its contribution to the exploration of DSM cannot be ignored. The industrial exploitation of DSM seems to be full of thorns, scientific research activities, technological improvement, but deep-sea trial mining, deep-sea exploration and environmental monitoring in this field have never been interrupted (Bauch and Cherniavskaia, 2018; Jungblut et al., 2018; MiningImpact, 2018; Otte et al., 2021). Despite this, no research exists that looks at the sustainability of DSM vertical transport plans and considers the related associated technological, economic, environmental and social factors (ISA, 2022a; ISA, 2022b).

The schematic diagram of one of the typical DSM projects is shown in Figure 1. The majority of the workload involved in DSM takes place at sea. A key research topic – and one that has received considerable attention previously – is the environmental impact of DSM activities, particularly given the low productivity (Pabortsava and Lampitt, 2020; Peng et al., 2021) and vulnerability of deep ocean ecology (Tilot, 2010; Van Dover, 2011; Jones et al., 2017; Tilot et al., 2018). Beside environmental impacts, both the technological and economic considerations of DSM are key components in the development of a sustainable DSM transport plan (Ma et al., 2017a; Ma et al., 2017b). Furthermore, other researchers also have examined the social implications of DSM in influencing sustainability projects (Roche and Bice, 2013; Tilot et al., 2021).




Figure 1 | Graphic representation of an example DSM project (Ma et al., 2018a).



At present, most of the researches on sustainable development evaluation of deep-sea mining are qualitative analysis, even the quantitative analysis involved is very superficial (Sharma, 2011; Hallgren and Hansson, 2021). Another research gap in this topic is the incompleteness of the impact parameters. For sustainable development, a part of researchers only study one aspect of environmental pollution, economic benefits or social impact, while ignoring the interconnection relationship between each other (Filer and Gabriel, 2018; Levin et al., 2020a; Carver et al., 2020). Given that the decision-making process for a sustainable DSM transport plan involves the integration of several discrete-related aspects (e.g., technological, environmental, economic and social), a traditional cost-benefit model would not be qualified/suitable to address this problem (Folkersen et al., 2018; Madiraju, 2019; Amon et al., 2022). For instance, due to the large information interconnections, Folkersen et al. (2018) stated that it is ‘very difficult’ (‘if not impossible’) applying cost-benefit model in DSM sustainability assessment. The objective of this paper is to evaluate the sustainability of DSM vertical transport plans through Fuzzy-ANP (analytic network process) analysis. The sustainability considered in this paper is not limited to the sustainable development of environment, ecology and society, but also analyses the topic from a holistic perspective, which also includes technological and economic sustainable development. The paper is arranged as follows: the first (previous) section introduces the principles and aims of our research; the second section explains the MCDM (multiple criteria decision making) methodology and evaluation criteria selection. In the third section, numerical calculation principles and definitions of the evaluation criteria are described in detail. The fourth section focuses on a test case, demonstrating the application procedure for our framework. In the fifth section, conclusions and recommendations for future research are presented.



2 Multi-criteria decision making method

There are different methods available to address the DSM sustainability problems, such as Multi-criteria Decision Making (MCDM), Marine Spatial Planning (MSP), Integrated Coastal Zone Management (ICZM), etc. Different approaches have their respective focus, advantages and common application areas. However, compared with other methods, the application of MCDM in the direction of sustainable development is earlier, the application method is more mature, and the application field is more extensive. The authors of this paper conducted a systematic literature review to analyze the feasibility, research procedure and evaluation criteria of applying MCDM to the assessment of sustainable development in deep-sea mining (Ma et al., 2022).

The discipline of MCDM was first proposed by Zionts (1979). The MCDM method is used by Pohekar and Ramachandran (2004) to address the sustainable energy management issue with conflicting and multiple objectives. Huang et al. (2011) carried out a literature review on the MCDM application in the environmental impact assessment considering of trade-offs between social, political, environmental and economic aspects. Khalili and Duecker (2013) proposed a series of clean production projects by designing a sustainable environmental management system, which considers the environmental, industrial, economic and social criteria through the whole decision-making process. Rabbani et al. (2014) developed a new approaching by coupling MCDM method with sustainability balanced scorecard method to evaluate the oil producing companies’ performances. Carli et al. (2018) utilized MCDM method analyzing the sustainable development of energy, water and environmental systems in a city. An integrated MCDM method was also used by Nzotcha et al. (2019) to select an optimal hydro-energy storage plant site through a sustainable development perspective. The method of MCDM has been adopted in this research, following its successful application to a number of industrial fields (such as coastal mining (Vaghela et al., 2018), sustainable project planning (Pohekar and Ramachandran, 2004; Abdel-Basset et al., 2021) and manufacturing system scheduling (Erdogan et al., 2019)) to address similar multiple criteria problems (Ho et al., 2010; Rezaei, 2015). Following review of the existing literature, when applying the MCDM theory in DSM system, three key practices are identified: MCDM method selection, evaluation criteria determination and the calculation of criteria weights (Kahraman, 2008).


2.1 Research outline

The major research components of this study are vertical transport plan generation, questionnaire survey, and MCDM application. The relationship of above components is intertwined. The questionnaire can get the weight of the evaluation parameters, while the vertical transport plan is the evaluation object, and the MCDM is the data evaluation methodology.

Fuzzy set theory is a widely used algorithm that allows imprecise and uncertain information to be examined through rigorous mathematical process (Zadeh, 1965). It has previously been used to integrate qualitative information and allow fuzzy date to be expressed as crispy evaluation weights (Boran et al., 2009). In the evaluation and analysis of the sustainable development of DSM, there are not only quantitative data, but also vague opinions suggestions (such as the preference of experts), and uncertain information to be considered. The method of ANP was developed by Saaty in the 1990s taking into consideration the interdependencies between different evaluation criteria (Saaty, 1996). It represents the development of analytic hierarchy process (AHP) method. Both ANP and AHP methods have the ability to divide a complex MCDM problem into several hierarchies with specific affiliation relationships. ANP has a highly systematic procedure of application and is quite easy to understand. Fuzzy & analytic network process (Fuzzy-ANP) is a typical integrated MCDM method, which integrates fuzzy set theory with ANP methodology. Mohanty et al. (2005) applied a Fuzzy-ANP approach to the analysis of the iron and steel industries of Southeast Asia by developing this approach further to describe a structured methodology to evaluate preference ambiguity in decision makers (DMs). Promentilla et al. (2008) redeveloped the Fuzzy-ANP method by redefining the fuzzy scale in terms of the degree of fuzziness, confidence level, and attribute toward fuzziness. They used this redeveloped Fuzzy-ANP method to evaluate contaminated site remedial countermeasures. Pang (2009) analysed supplier selection in order to facilitate optimal order allocation, by combining the Fuzzy-ANP method with fuzzy preference programming. Zhou (2012) proposed a systematic analytic framework using Fuzzy-ANP methodology to address project selection and evaluation problems. Given that the Fuzzy-ANP method has been successfully applied to such a wide variety of industrial research fields and also referring the literature review results of authors’ publication (Ma et al., 2022), it was selected and utilised for evaluation of sustainability in DSM vertical transport plans (Ma, 2019). This method can effectively integrate and process the evaluation data, so as to obtain the weights of different evaluation parameters and the scores of vertical transport plans for different evaluation criteria.


2.1.1 Vertical transport plan generation

Before the application of MCDM method, a set of DSM vertical transport plans should be generated for evaluation. The formation of the evaluated DSM transport plans is a long vector (see Eq. 26), and the elements in the vector are the values of all evaluation criteria. The variables involved in a DSM transport plan consist of the type of lifting technology, e.g., continuous line bucket technology (CLB), pipe lifting with centrifugal pumps or with airlifting pumps, working period, maximum winch force (for CLB systems), pipe diameter and gas flux rate for hydraulic lifting and airlifting systems respectively. In real-life DSM working conditions, different vertical lifting methods require different compatible technology systems, such as tailings disposal systems and mineral processing systems. These may influence sustainability assessments of DSM vertical transport plans (Hoagland et al., 2010; Sharma, 2011). In these publications, however, the influences of such compatible systems on vertical lifting technologies are considered to be negligible, even though they are important for an assessment of the project. The sustainability evaluation framework described in this paper could be used in whole project assessment in DSM following the initial assessment of the technological, economic, environmental, and social factors at play.



2.1.2 Questionnaire survey

Expert opinion is elicited through the designed questionnaire (see Appendix A) in order to determine the evaluation criteria weights. 27 researchers and engineers – in the fields of environmental impact, policy making, marine mining, project sustainability consultancy, and economic profitability – participated in this questionnaire survey.



2.1.3 MCDM application

Through the application of MCDM methodology, all DSM vertical transport plans can be evaluated and ranked, based on a comprehensive performance index that takes into consideration the technological, economic, environmental, and social aspects of these plans. The detailed explanation of the MCDM application is given in the following section.




2.2 MCDM application procedure

Following a literature review of existing MCDM applications to sustainable project planning, manufacture scheduling systems, and other similar, industrial problems, an application procedure for a Fuzzy-ANP MCDM method was derived and is summarised in Figure 2. The procedure consists of 4 steps.




Figure 2 | Application procedure of Fuzzy-ANP methodology in sustainable DSM transport plan selection.




2.2.1 Step 1: Defining the multi-criteria problem and evaluation criteria determination


2.2.1.1 Problem definition

Determination of a sustainable DSM vertical transport plan is dependent on technological, economic, environmental, and social factors. These factors are, of course, not completely independent of one another and are likely to exhibit a number of inter factorial relationships with each other.



2.2.1.2 Evaluation criteria determination

MCDM has not, until now, been applied to DSM projects. Despite this, a number of useful theories, application frameworks, and evaluation criteria – some of which have potential utility in DSM vertical transport plan sustainability assessment – have been developed in other industries (Titus and Liberatore, 1991; Ho et al., 2010; Padhye and Deb, 2011; Rezaei, 2015). Using these pre-existing evaluation criteria, along with knowledge of the real-life working conditions involved in DSM activities, a set of evaluation criteria for use in the decision making process for sustainable DSM vertical transport plans is proposed in Table 1.


Table 1 | Evaluation criteria for selecting a sustainable DSM transport plan (Akash et al., 1999; Mamlook et al., 2001; Yedla and Shrestha, 2003; Begić and Afgan, 2007; McDowall and Eames, 2007; Afgan and Carvalho, 2008; Chatzimouratidis and Pilavachi, 2009; Jovanović et al., 2009; Pilavachi et al., 2009; Pilavachi et al., 2009;  Campos-Guzmán et al., 2019; Drazen et al., 2020; Gerber and Grogan, 2020; Ma et al., 2022).



As presented in Table 1, the major criteria in our methodology are the technological, economic, environmental, and social aspects of a sustainable DSM transport plan. These have both quantitative and qualitative sub-criteria. For example, technological sub-criteria include such quantitative parameters as specific energy consumption for lifting and production rate, and qualitative parameters, such as technological reliability. Sub-criteria are not completely independent of one another. For instance, there is a relationship between the proven technology, technology reliability and technology safety, because a well-proven technology tends to be associated with good technology reliability and high levels of safety (Haralambopoulos and Polatidis, 2003; Chatzimouratidis and Pilavachi, 2009; Ligus, 2017). There are also interconnections between environmental sub-criteria and physical-chemical parameters of the water column for example which amplify natural and anthropic impacts, so-called cumulative impacts, to the marine environment (Levin et al., 2016; Tilot, 2019; Levin et al., 2020b).




2.2.2 Step 2: Criteria weights determination

In a Fuzzy-ANP method, the criteria weights are determined through a pairwise comparison method. The acceptability of a pairwise comparison matrix is based on the consistency index (CI) and consistency ratio (CR). If the CR is larger than 0.10, the pairwise comparison matrices are not acceptable (Yüksel and Dagdeviren, 2007). The CI can then be calculated as follows (Yüksel and Dagdeviren, 2007; Zhang et al., 2015):



The parameter of CR can be calculated as follows:



in which RI means the random index.



2.2.3 Step 3: Fuzzy-ANP method application

When applying AHP methodology to multiple criteria problems, all criteria and sub-criteria are required to be independent of each other. However, in many real-life working conditions, there may be dependencies that exist between the different criteria (Saaty, 2005). A Fuzzy-ANP method was selected for use in this paper to evaluate the sustainability of DSM transport plans. This methodology has the further advantage of allowing consideration of both qualitative evaluation criteria as well as the dependency relationships between different criteria.



2.2.4 Step 4: Sustainable DSM transport plan selection

Following analyses using Fuzzy-ANP methodology, all DSM vertical transport plans can be evaluated based on a comprehensive performance index, denoted by Eq. (3) (Xu and Yang, 2001). The transport plan with the maximum comprehensive index is regarded to be the most preferable, i.e., the most sustainable DSM vertical transport plan.







3 Evaluation criteria for sustainability in DSM vertical transport plans

In this section, the numerical calculation principles and definitions of these evaluation criteria for a sustainable DSM vertical transport plan are explained in detail. The authors’ previous work (Ma et al., 2017a; Ma et al., 2017b; Ma et al., 2017c; Ma et al., 2018a; Ma et al., 2018b; Ma, 2019; Ma et al., 2022) provided further detail concerning these criteria and their ability to systematically evaluate the technological, economic, and environmental impacts of DSM transport plans. Ma et al. (2017a, Ma et al., 2017b) quantitatively analyses various DSM lifting technologies (e.g., continuous line bucket lifting, hydraulic lifting and airlifting) from the perspective of technical feasibility and economic performance. Ma et al. (2018a, Ma et al., 2018b; Ma et al., 2017c) uses both qualitative and quantitative methods to analyze the environmental pollution (e.g., tailing disposal, sediment plume, species disturbance, physical seabed disturbance) caused by DSM. Ma et al. (2022) analyses the feasibility of using MCDM to solve the sustainable development of DSM through a systematic literature review, and clarifies the application technology route and research process of this method. In a summary, the essence of this paper is to apply the MCDM method to quantitatively analyze the sustainable development of DSM. This article is a step forward on the basis of these documents. It not only quantifies qualitative analysis, but also integrates technical, economic, environmental and social impacts to assess the sustainability of DSM.


3.1 Technological sub-criteria

* Specific energy for lifting

The specific energy consumption for lifting can be calculated as follows (Ma et al., 2017a):



In this paper, we compare three different methods of mineral vertical transportation technologies, e.g., the continuous line bucket lifting (CLB), hydraulic lifting (HL) using centrifugal pumps, and airlifting (AL) systems. Figure 3 presents a schematic diagram for a CLB and a HL system (Ma et al., 2017a). The arrangement of an AL system is similar to that of a centrifugal lifting system [as illustrated in Figure 3 (b)]. The primary differences are that, in AL systems, air compressors are installed on the production support vessel (PSV), and an auxiliary pipe is required to transport the compressed air to the lifting pipe (Yoshinaga and Sato, 1996). In CLB systems, total energy consumption is closely related to the winch force and the speed supplied by the steel ropes, see Eq. (5) (Schulte, 2013).






Figure 3 | Schematic diagrams of a CLB (A) and HL (B) system.



For a HL system, the drops in pressures required in lifting the mineral mixtures – in addition to the lifting pipe dimension – are the major determinants of energy consumption, see Eq. (6) (Shook and Bartosik, 1994).



The inlet pressure and gas flux rate are very firmly connected with the energy consumption of airlifting systems, see Eq. (7) (Yoshinaga and Sato, 1996).



* Proven technology

Proven technology, in this context, can be defined as the maturity of the utilised technology. A well-proven technology is one in which the initial operational faults and intrinsic problems have been reduced or eliminated through a long development and application process (Anuar et al., 2015; Chapman, 2016).

* Technology reliability

Technology reliability can be defined as the technical property of continuous, correct functionality according to the particular specifications of that technology. A reliable technology has a high probability of completing its objective under a normal working condition (Johnson and Ettlie, 2001).

* Production rate

For CLB systems, production rate is determined by the cable lifting velocity and bucket dimensions, see Eq. (8) (Schulte, 2013).



For AL systems, the mineral production rate can be calculated using the flux rate of solid particles and cross-sectional area of lifting pipes, see Eq. (9) (Yoshinaga and Sato, 1996).



* Technology availability

Technology availability refers to the possibility and accessibility of utilising the technology in DSM specific working conditions with the correct format (Pick et al., 2013).



3.2 Economic sub-criteria

* Gross income

Gross income represents the income derived from mineral extraction in DSM activities. This can be calculated as follows (Ma et al., 2017a):



* Capital cost

Capital cost can be explained as the one-time expenditure involved in purchasing equipment and construction infrastructure for production. It is the entire initial expenditure required to bring a DSM project to a commercially operable status (UKessays, 2018).

* Operation and maintenance cost

Operation and maintenance cost is defined as the expenditure required to support the normal running of a DSM project, which covers maintenance costs (in repairing and replacing equipment), labour costs and energy consumption costs (Nyhart et al., 1978; Sharma, 2011). Nyhart et al. (1978) defined the subcategories of both capital cost and operation and maintenance cost as those relating to three sectors: mining, transport and processing, see Eq. (11).



The subscripts of m , t , p represent the mining, transport, and processing sectors, respectively.

* Investment recovery period

The investment recovery period, also known as the ‘payback period’, refers to the period needed to recover the investment in a DSM project. It is an important economic parameter in determining whether a DSM project is profitable or not, and DSM project investors – unsurprisingly – prefer an investment recovery period to be as small as possible (Investopedia, 2018). Investment recovery period is determined by comparing the net cash inflow with net cash outflow. In this paper, it can be simply understood as the period when the gross income is larger than the initial capital cost, and operation and maintenance cost.



3.3 Environmental impact sub-criteria

* Species disturbance variance

Species disturbance variance is an integrated ecological index, comparing species conditions before and after DSM activities. It can be calculated as follows (Ma et al., 2018a):



in which the subscripts of aft and bef reflect species condition both after and before DSM disturbances, respectively, SD represents the integrated species index, incorporating Margalef’s indices, and both the Shannon and Simpson diversity indexes, see Eq. (13).



* Severity of ill effect

Severity of ill effect is another important ecological parameter, first proposed by Newcombe and Jensen (1996) through a meta-analysis, which is introduced in DSM activities (Ma et al., 2018a). The severity of ill effect is defined in Table 2.


Table 2 | Severity of ill effect on marine species (Newcombe and Jensen, 1996).



Severity of ill effect can be calculated using Eq. (14) (Newcombe and Jensen, 1996).



in which the sediment plume mass concentration and residence time can be determined by solving the plume advection-diffusion model (Ma et al., 2018b).

* Turbidity of ocean water

Based on the literature review, most aquatic species have a preferred ocean turbidity range (Dyer, 1972; Cyrus and Blaber, 1987a). To keep the impact on benthic species community within an environmentally acceptable range, the changing rate of the turbidity of ocean water should be constrained, see Eq. (15) (Cyrus and Blaber, 1987a; Cyrus and Blaber, 1987b).



* Total organic carbon content

Total organic carbon content is an important ecological indicator that can be significantly influenced by DSM activities (Saleem et al., 2016). Similar to the turbidity of ocean water, minimising the impact on benthic ocean species, the changing rate of total organic carbon content should also be taken into consideration. The smaller the changing rate of total organic carbon content is, the smaller the caused environmental impacts are. The total organic carbon content can be calculated as Eq. (16).



* Sedimentation thickness

Benthic ocean species (such as coral, sponges, holothurian, and other macrofauna) have different resistance abilities to sedimentation burial thickness (Lohrer et al., 2006; Thrush and Dayton, 2002; Cummings et al., 2003). The larger the sedimentation thickness is, the more intensive the DSM impacts are on the ecological community. The most significant factor concerning both technological and environmental impact is the mineral production rate (Ma et al., 2018a).



3.4 Social sub-criteria

* Social acceptability

Social acceptability is widely regarded as one of the most important parameters, which is closely related to the success of a DSM project (Brunson et al., 1996; Rosenbaum and Grey, 2016; Wakefield and Myers, 2018). In this paper, social acceptability is a qualitative parameter, the value of which is derived from expert opinions.

* Policy (legislation & regulation) support

Policy support refers to the possibility of support through marine policy, mining legislation, and regulation; this is also regarded as one of the most important parameters in the implementation of a DSM project (Lewis and Wiser, 2007; Rosenbaum and Grey, 2016; Wakefield and Myers, 2018; ISA, 2022c).




4 Demonstrate case: Fuzzy-ANP method application


4.1 Criteria weight determination

After collating experts’ opinions provided through the completion of the questionnaire, the data were checked through the functions of consistency index (CI) and consistency ratio (CR), as Eq. (1-2). The weights of the major criteria, including technological (TEC), economic (ECO), environmental (ENV), and social (SOC) aspects, can then be determined (assuming independence of one another).



Following this, the interconnections (or dependencies) between the major criteria can be examined, see Figure 4 (Ma et al., 2017c). Depending on the pairwise comparison matrices derived from the experts’ opinions, dependency weight vectors for technological, economic, environmental, and social factors can be listed subsequently.






Figure 4 | Diagram reflecting the interconnection relationships between the major criteria (Ma et al., 2017c).



The interconnection matrix for the major criteria is determined as follows:



Weighs for the major criteria can now be calculated, considering their interconnections.



Comparing the weights of the major criteria through considering the interconnection relationship or not, i.e., w1 and w7 , we found that the order of the major criteria weights was unchanged, i.e., ECO>TEC>ENV>SOC . However, following considering of the interconnection relationships, the evaluation criteria (e.g., social impact consideration, which can be easily overlooked) have been evaluated more objectively and fairly.

Weights determinations for sub-criteria follow the similar principles to those of the major criteria. However, in order to reduce the difficulty of data collection and to reduce the number of calculations, we treated the evaluation sub-criteria as independent of each other. The sub-criteria for each major criterion are listed as follows. Technological: energy consumption (EC), proven technology (PT), technology reliability (TR), production rate (PR), and technology availability (TA). Economic: gross income (GI), capital cost (CC), operation and maintenance cost (OM), and investment recovery period (IRP). Environmental: species disturbance variances (SD), severity of ill effect (SIE), turbidity of ocean water (TOW), total organic carbon content (TOC), and sedimentation thickness (ST). Social: social acceptability (SA) and policy support (PS). The weights for all sub-criteria can be calculated based on the pairwise comparison matrices, as follows:



Global weights for all evaluation sub-criteria (w12 ) can be determined by multiplying the individual weights, i.e., w8−11 , by the major criteria weight, i.e., w7 , see Figure 5.






Figure 5 | Schematic diagram of the global sub-criteria weights’ determination.





4.2 Qualitative evaluation criteria

In this paper, besides the quantitative evaluation criteria, there are also a series of qualitative evaluation criteria. As described in Table 1, the qualitative evaluation criteria consist of proven technology (PT), technology reliability (TR), technology availability (TA), social acceptability (SA), and policy support (PS). Values for each of these qualitative parameters, based on questionnaire date, are derived for each of the vertical lifting technologies in DSM activities (CLB, HL, and AL). As we all known, the most accurate evaluations of these qualitative criteria should be combined with the specific DSM transport plans. Here, in this paper, the scores of these qualitative evaluating parameters for all DSM transport plans are simplified to be directly connected with the vertical lifting technologies. Based on the collected data through questionnaire, the scores of all these DSM transport plans in terms of proven technology can be calculated using the Mean of Maxima (MOM) defuzzification method (Özdemir, 2010).



Following the same principle, the scores for the other qualitative evaluation parameters are listed as follows:





4.3 DSM vertical transport plan evaluation

Before the application of MCDM to DSM vertical transport plan evaluation, two assumptions are first made, as follows: (i) the minerals storage richness is sufficient for the whole mining period, and (ii) reduction in marine species numbers (with the same temporal and spatial scales) is simplified to be related to the mineral production rate (see Table 3).


Table 3 | Given parameters in MCDM application for sustainable DSM vertical transport plan selection.



The parameters involved in the MCDM methodology for selecting a sustainable DSM vertical transport plan are presented in Table 3.

The DSM vertical transport plans with different changing variables are listed as Table 4.


Table 4 | Different kinds of DSM vertical transport plans.



Using the numerical calculation theories and equations presented in section 3, the quantitative parameters for DSM vertical transport plans can be calculated. Combining the results of the quantitative evaluation criteria with the qualitative evaluation criteria allows for comprehensive assessment for all DSM vertical transport plans through MCDM. These are listed in Appendix B. The preference value trend for all evaluation criteria is presented in Table 5.


Table 5 | Preferable or desired value trend for all evaluation criteria.



As the evaluation criteria have different preferable trends and desired values, prior to the specific operations of the evaluation process of all DSM vertical transport plans, the evaluation matrix of these DSM transport plans should first be normalised (Mateo, 2012). Vafaei et al. (2016) examined the use of normalization techniques in analytic hierarchy process method (AHP), and here we extend their findings to the Fuzzy-ANP method presented in this paper. Except the unsuitable logarithmic normalisation method, the combined application of Linear-Max normalisation and Linear-Sum normalisation is selected to be used, see Eq. (25) (Vafaei et al., 2016).



After the normalisation process with Eq. (25), the super-matrix of all DSM vertical transport plans is changed into the following format, i.e., MDSM :



Finally, scores for all DSM vertical transport plans can be determined by multiplying the normalisation matrix, i.e., Eq. (26), by the global weights of all evaluation criteria, i.e.,

w12.



The scores for all evaluated DSM vertical transport plans are presented in Figure 6.




Figure 6 | Diagrammatic representation of the evaluated DSM transport plan scores. Note: Transport plan (TR) No. 15 represents the maximum score and is marked in the figure with a score of 0.0376. TRs. No (1-10), (11-20) and (21-32) are CLB, HL and AL systems, respectively.



Analysing Figure 6, it clearly expresses the following information: (i) Transport plan No. 15 possesses the maximum calculated score, i.e., 0.0376, and thus represents the most sustainable DSM transport plan on the basis of the technological, economic, environmental, and social considerations analysed. Transport plan No. 15 utilizes centrifugal pump lifting minerals, working period 36 weeks per year, lifting pipe diameter 0.30 m. Transport plan No. 15 is not the working plan with the maximum gross income; neither does it have the least environmental impact. However, it is the working plan with the highest integrated evaluating index based on the multiple criteria evaluating results. The transport plan comprehensively considers factors including environmental, economic, technological, and social aspects, and combines qualitative and quantitative analysis and assessment indicators to obtain a comprehensive evaluation score. Therefore, Transport plan No. 15 is suggested to be the most preferable or sustainable vertical transport plan for the selected DSM working condition. (ii) Compared to continuous line bucket lifting and airlifting systems, centrifugal pump lifting system proves to be more preferable, with relative larger evaluation scores. The technology of centrifugal pump lifting is also the most widely used in deep sea mining trials and experimental projects, and the lifting technology is more mature with a higher degree of mechanical automation for continuous ore lifting. It is widely used in land mining and dredging projects, which provides a lot of references for deep sea mining (Hu et al., 2021; Kang et al., 2022). These scores can be explained as follows: (a) centrifugal pump lifting system may achieve a larger solid production rate at a depth of 2000 m than continuous line bucket lifting and airlifting systems. This advantage will be expanded with the increase of mining water depth (Ma et al., 2017a). (b) For airlifting systems, mineral particle velocity may be a problem in achieving a relatively large mineral production rate. In airlifting systems, pressures inside the pipe lifting system decrease with the continuous lifting of minerals. The volumetric concentration of mineral particles can be very small, which will lead to a fast-moving velocity of solid particles (roughly 20 – 80 m/s) (Ma et al., 2017b). (c) Compared to centrifugal pumps – that can be added along the pipe lifting system to improve its mining capacity – steel rope strength is an important limiting factor in a continuous line bucket lifting system, which limits both its maximum lifting depth and maximum solid production rate (Ma et al., 2017a). Different lifting technologies are limited by the most advanced structural design, construction materials, craftsmanship and work plan. Technological innovation in one of the above certain aspects has far-reaching significance for promoting the promotion of deep-sea mining.

In future applications of this evaluating system, a large number of DSM vertical transport plans could be calculated in order to determine an optimal sustainable working plan. In addition, the evaluation method can be improved in combination with some artificial intelligence algorithms (such as artificial neural network methods, etc.) in the future to realize self-learning and self-correction of data, and find the optimal solution more accurately (Ma et al., 2022). However, this would involve an extremely large workload when applying Fuzzy-ANP evaluating methods (Yüksel and Dagdeviren, 2007). In order to improve the multiple criteria evaluating efficiency, a pre-filtering process could be used to reduce the number of evaluated DSM transport plans to be included in the model. For instance, if the DSM working period is due to be 20 years, the investors would like a large profitability. It means the investment recovery period should be smaller than the mining period. On analysis of Figure 7, it becomes apparent that transport plans No. 1-3 could be excluded from the evaluation process because these DSM working conditions are unprofitable in this given timeframe. This operation can greatly reduce the substandard evaluation database, thereby speeding up the acquisition of the optimal transport plan. Additionally, as suggested by Ma et al. (2018a) in a paper examining the environmental impacts of DSM using a numerical calculation method combined with in-situ tests, an environmental impact standard or acceptance threshold should be established in order to allow the greatest degree of ecological recovery possibility. The environmental impact standard considers physical disturbances, species disturbances, turbidity of ocean water change, sedimentation rate, and sedimentation thickness. Outcomes are measured in terms of species mortality, the mass concentration of sediment plume, and its residence time (Van Dover, 2011; Jones et al., 2017). These environmental impact standards facilitate the exclusion of many substandard transport plans, thereby further reducing the potential workload and allowing for more accurate and concise identification of the most preferable working condition.




Figure 7 | Investment recovery period (IRP) of all evaluated DSM vertical transport plans. An IRP of these transport plans less than 20 years is represented by the orange bars; the red bar is the most preferable and sustainable DSM vertical transport plan; the IRP of the transport plan No. (1-3) is equal to, or greater than 20 years. Here, they are simplified as 20 years and represented by the blue bars.



Furthermore, in the evaluation of sustainable DSM vertical transport plans, it is notable that economically advantageous evaluation parameters often have conflicting results with environmentally advantageous evaluation parameters. An economically advantageous DSM transport plan may have a relatively poor environmental impact performance and vice versa. One of the characteristics of the MCDM method is that it can deal with conflicting and dependent evaluation parameters. In the case of multiple objectives and constraints, the optimal balance point between the evaluation parameters is clarified by systematic mathematical methods. Figure 8 illustrates this, presenting the normalised scores for gross income and sedimentation thickness (parameters belonging to economic and environmental impact considerations, respectively). Gross income is considered by many businesses to be one of the most important indicators of economic profitability, reflecting the company’s development trends and health. Here, the parameter of sedimentation thickness represents the thickness of the sediment plume redeposited on the seafloor. This parameter can reflect the damage degree of the seafloor disturbance and directly reflect the severity of the sediment plume. The redeposit that exceeds a certain thickness has a fatal threat to the soft-bodied organisms living on the seabed. Therefore, this parameter is also an important indicator in the field of deep-sea mining environmental assessment. The normalised values can be understood as the preferable levels of all DSM transport plans in terms of all these selected evaluating criteria. Figure 8 illustrates that the normalised values for gross income demonstrate a negative correlation with those for sedimentation thickness. That reflects why, in many industrial working conditions, a larger economic profit can be obtained at the expense of the environment (Ghisellini et al., 2016; Panayotou, 2016). Through a systematic use of multi-criteria decision making method, we have tried to find the optimal balance of all included evaluation criteria – encompassing technological, economic, environmental, and social perspectives. Deep sea mining multinational companies can use this method to conduct a systematic and objective evaluation of different mining options. It has shown to environmental protection agencies and organizations around the world that the method has made sufficient research on the bearing capacity of the environment. Its greatest role is to ensure that the development of seabed mineral resources is in line with sustainable development modes and in line with environmental standards set by the International Seabed Authority in the future.




Figure 8 | Normalised scores of gross income and sedimentation thickness. The red points represent the most preferable and sustainable DSM transport plan.






5 Conclusion

In this paper, Fuzzy-ANP method is utilised for sustainability assessment in DSM vertical transport plans. The decision-making criteria constituting the technological, economic, environmental, and social components of these plans possess both quantitative and qualitative attributes. The application of Fuzzy-ANP methodology is demonstrated in section 4. The MCDM results show that transport plans involving centrifugal pump lifting are more competitive compared to bucket lifting and airlifting systems. It can also be concluded that economically advantageous evaluation parameters often demonstrate a conflicting relationship with environmentally advantageous evaluating parameters. Although this paper focuses on the utility of the proposed framework in vertical lifting technologies, the basic model after considering more key components (such as real-time data of deep-sea environment and ecology, complex seabed environmental loads, specific mining spatial and temporal conditions, and specific seabed organisms, etc.) of sustainability evaluation may allow for sustainability assessment of DSM projects as a whole.

Future improvements of the proposed framework could include (i) consideration of the interconnections of evaluation sub-criteria, (ii) sustainability assessment of whole DSM projects, and (iii) global optimisations of DSM working conditions.
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