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            Abstract
          
        

        
          With growing concerns over air pollutions attributed to shipping activities, the international maritime organization has enacted a series of stringent regulations. In particular, MARPOL Annex IV Reg. 16 requires sulfur contents from exhaust gases of marine engines to be progressively reduced. To comply with this regulation, three feasible options have been introduced: using LNG as a marine fuel, using heavy fuel oil with the scrubber system, and using the marine gas oil (a type of low sulfur fuel oil). For the objectives of this paper, the holistic environmental impacts pertinent to these options were investigated and compared in ways that the flows of energy and emission were tracked and quantified through the life cycle of the ship. Research findings obtained from a case study with a large bulk carrier showed that the use of the scrubber system to purify heavy fuel oil would produce relatively fewer amounts of emissions attributing to global warming than other two options. On the other than, the use of LNG would be the way to operate the ship in a cleaner way in terms of reducing the acidification, eutrophication, and photochemical effects. Throughout the analysis, the excellence of life cycle assessment was proven to shift the environmental impact of marine systems from the short-term view to the long-term one.
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      1. Introduction
      
        1.1 background
        While about 80% of the world trade relies on the maritime transportation1), in terms of the marine energy sources, the years leading up to now have been a heady time for solid fossil fuels and liquid petroleum products. It was because they were richer, more accessible as well as less expensive than other types of energy sources.

        Conventional fuels contain high levels of impurities such as carbon residues, asphalt, and sulfur/metallic compounds that are converted into air pollutants when burned. As a result, the seaborne-trade has attributed to approximately 2.2% of carbon dioxide (CO2), 13% and 12% of nitrous oxides (NOx) and sulfur oxides (SOx) in globe.2)

        With the worldwide green shipping movement, IMO MARPOL Annex VI, firstly adopted in 1997, has been updated to limit such marine air pollutants. To be specific, the Regulation 14 of the MARPOL Annex VI requires a progressive reduction in SOx from the exhaust gases produced by ship operation, presenting a series of steps for accelerating sulfur limits as described in Fig. 1.

        
          
          

          Fig. 1 
				
          

          
            Sulfur limits according to MARPOL Annex VI
          
          

          

        

        The regulation prompted ship operators to strive to seek for SOx emission-compliant options, urging them to abandon the use of heavy fuel oils (HFOs) that exceed the restricted levels of sulfur contents. At present, three viable options have been introduced: using marine gas oil (MGO), keeping the use of HFO with the scrubber system, and using LNG as an alternative fuel3).

      

      
        1.2 Description of the SOx emissioncompliant options
        The use of MGO for the ships engaged in the service route including emission control area (ECA) have been common since 2015 as it was perceived the easiest way where system retrofitting would be unnecessary, while the logistics of such oils were widely available across ports4). However, economic burdens caused by high prices of MGO on ship owners are considered its drawback.

        The scrubber system with which exhaust gases from engines are clean with the fresh water mixed with caustic soda (NaOH) is known to reduce the SOx to 98%.5)

        Technical advancement in gas engines, as well as the surge in US shale gas, have supported LNG-fuelled ships to become an immediate prospect.6,7) Like the MGO, LNG has a very low sulfur content, which reduces the SOx concentration of the exhaust gas to a negligible level8).

      

      
        1.3 Study aim and objectives
        Although all the options are effective in reducing SOx emission during the ship operation phase, little discussion and research on the environmental impact of these options in the holistic point of view have been introduced. Similarly, the absence of objective guidelines and experiences makes stockholders poorly informed of the level of their contributions to cleaner shipping activities overall.

        To remedy this problem, the range of evaluating environmental effect of those systems may be necessary to be expanded throughout the life cycle of these options.

        In this context, this paper was to investigate the holistic environmental impacts of the proposed options, using life cycle assessment (LCA) method by implementing a case study with a deep sea-going bulk carrier. Therefore, this paper was finally to provide insights to decision-makers seeking for better options.

      

    

    

  
    
      2. Approach adopted
      
        2.1 Introduction to LCA
        LCA can be described as a cradle-to-grave approach to assessing the environmental impact of products and manufacturing processes. This assessment is to track the emissions involved in the life stages of a product and to quantify them, which may begin with the production of raw material while ending up with the scrapping of the product. International Organization for Standardization (ISO) has introduced the primary process of LCA9,10).

        Fig. 2 shows the life cycle of a marine system, which can be expressed as the following stages: construction, operation, and scrapping.

        
          
          

          Fig. 2 
				
          

          
            Life stage of marine engine
          
          

          

        

        Due to relatively little environmental impact11), the maintenance phase is not considered in this paper.

      

      
        2.2 Construction
        The construction stage of a marine system may need to set out from the extraction of raw material to end up with onboard installation via various processes such as transportation, manufacturing, assembly, and commissioning. However, given the purpose of this study to compare the three SOx emission-compliant options, this paper has set a boundary of working scope for the construction stage where begins with the product produced in the manufacturing factory, transportation and finally the onboard installation. Throughout the process, the energy consumption and subsequent emissions were tracked. Fig. 3 outlines the flow of construction stage of the marine system.

        
          
          

          Fig. 3 
				
          

          
            Construction stage of marine machinery
          
          

          

        

      

      
        2.3 Operation
        The process of the operational stage is shown in Fig. 4. Given that the environmental impact engaged in the operation stage for the marine system largely relies on the fuel consumption, the processes of fuel production, transportation and onboard use are considered for LCA.

        
          
          

          Fig. 4 
				
          

          
            Operation stage of marine machinery
          
          

          

        

        The fuel consumption that determines the amount of emissions generated by exhaust gas is calculated based on the ship specifications and operational profiles that will be described in the following section. Table 1 presents the association between the fuel consumption and emissions2).

        
          Table 1 
				
          

          
            Emission factors for various fuel types2)
          
          

        

        
          
            
              	Emissions substance
              	Marine HFO emissions factor (g/g fuel)
              	Marine MGO emissions factor (g/g fuel)
              	Marine LNG emissions factor (g/g fuel)
            

          
          
            	CO2
            	3.11400
            	3.20600
            	2.75000
          

          
            	CH4
            	0.00006
            	0.00006
            	0.05120
          

          
            	N2O
            	0.00016
            	0.00015
            	0.00011
          

          
            	NOx
            	0.09300
            	0.08725
            	0.00783
          

          
            	CO
            	0.00277
            	0.00277
            	0.00783
          

          
            	NMVOC
            	0.00308
            	0.00308
            	0.00301
          

          
            	SOx
            	0.04908/0.01158
            	0.00264
            	0.00002
          

          
            	PM
            	0.00699
            	0.00102
            	0.00018
          

        

        

      

      
        2.4 Scrapping
        As shown in Fig. 5, the scrapping process represents the dissembling and disposal of the marine system from the ship.

        
          
          

          Fig. 5 
				
          

          
            Scrapping stage of marine machinery
          
          

          

        

        Throughout this process, electricity is consumed, thereby emissions are produced.

        Types of pollutants produced by the scrapping process rely on several factors such as material types to be scrapped and their weights. This paper adopted the material data for a marine engine, provided by the manufacture. Generally speaking, it consists of cast iron (69.5%), steel (21.3%), of aluminum (2.7%), carbon (2.2%), and chrome and tin (1-4%).

        Table 2 summarizes the energy consumption and the emission production used for the scrapping of various materials.

        
          Table 2 
				
          

          
            Energy and emission data creating when scrapping raw materials12)
          
          

        

        
          
            
              	Scrap types
              	Energy consumption
(/1 kg material scrapping)
              	Emissions
(/1 kg material scrapping)
            

          
          
            	Iron and steel
            	electricity 1.705 MJ
natural gas 0.618 MJ
pig iron 0.015 kg
            	sulfur dioxide
            	0.0399 kg
          

          
            	nitrogen oxides
            	0.000102 kg
          

          
            	carbon dioxide
            	0.00024 kg
          

          
            	carbon monoxide
            	0.105 kg
          

          
            	liquid oxygen
            	0.0024 kg
          

          
            	particulate matter 2.5
            	0.0159 kg
          

          
            	particulate matter 10
            	0.000201 kg
          

          
            	Aluminum
            	electricity 0.0953 MJ
natural gas 10.223 MJ
aluminum ingot 0.883 kg
            	sulfur dioxide
            	0.00441 kg
          

          
            	nitrogen oxides
            	0.00265 kg
          

          
            	carbon dioxide
            	0.545 kg
          

          
            	carbon monoxide
            	0.000883 kg
          

          
            	particulate matter
            	0.000883 kg
          

        

        

      

    

    

  
    
      3. Case study
      
        3.1 Description of case ship
        The selected case ship was a large bulk carrier with 200,000 dead weight tonnage (DWT) engaged in the regular service route between Qingdao, China and Vitoria, Brazil (11,058 nautical miles in return). With an average speed of 15 knots, one voyage can be estimated at 30.7 days. Assuming two weeks per year are out of service for maintenance, this ship is engaged in the service for 46 weeks annually. It was also assumed that three days would be spent for cargo loading and the equivalent time is spent for the un-loading at the port. In addition, another two weeks are spent for dry docking for every 2.5 years. Given the 25 years of the ship lifespan, the total of 1,180 weeks was assumed to be used for ship operation, indicating 225 trips in total.

      

      
        3.2 Engine specification
        The machinery system for each option is described as follows:

        MAN B&W 6S70ME (diesel engine) with the capacity of 19,260 kW was selected as the basic engine model. Therefore, the proposed options are described as below:

        - Option 1: diesel engine using low sulfur fuel oil (MAN B&W 6S70ME)

        - Option 2: diesel engine using heavy fuel oil with scrubber system (MAN B&W 6S70ME and scrubber system)

        - Option 3: dual fuel engine using the gas mode only running in natural gas (MAN B&W 6S70ME-GI)

        For Option 1 & 2, the engines were to run in diesel oil with 85% engine load at which the specific fuel consumption (SFOC) was given to 169 g/kWh. Meanwhile, for Option 3, the engine was to run in natural gas with 85% engine load at which the specific gas oil consumption (SGOC) was given to 128.8 g/kWh.

        In this gas mode, 6.9 g/kWh of diesel oil was additionally consumed as the pilot oil to assist the initial ignition13).

        The weight of the selected engines was estimated at 555 tons, whereas the weight of the scrubber system was at 9 tons. The electricity consumption for onboard installation was assumed at 0.5 MJ / system-weight11).

      

      
        3.3 Results
        Using the LCA software, Gabi Version VI, the life cycle of the proposed options was modelled as shown in Fig. 6 where the global warming potential (GWP), acidification potential (AP), eutrophication potential (EP) and photochemical ozone generation potential (POCP) were evaluated in order to investigate the environmental impacts of such options.

        
          
          

          Fig. 6 
				
          

          
            Lifecycle models
          
          

          

        

        According to Table 3 showing the results of the analysis, it was found that the environmental impacts associated with the operation stage dwarf those for construction and scrapping stage overall. The holistic environmental impacts of each option were compared in Fig. 7.

        
          Table 3 
				
          

          
            Results of analysis
          
          

        

        
          
            
              	Emissions
              	Construction
              	Operation
              	Scrapping
            

            
              	Option 1
              	Option 2
              	Option 3
              	Option 1
              	Option 2
              	Option 3
              	Option 1
              	Option 2
              	Option 3
            

          
          
            	GWP (kg CO2 equiv.)
            	3.21E+04
            	3.25E+04
            	3.21E+04
            	1.69E+09
            	1.66E+09
            	2.18E+09
            	2.80E+04
            	2.83E+04
            	2.80E+04
          

          
            	AP (kg SO2 equiv.)
            	2.66E+01
            	2.69E+01
            	2.66E+01
            	2.29E+07
            	2.86E+07
            	3.29E+06
            	3.90E+01
            	3.94E+01
            	3.90E+01
          

          
            	EP (kg PO4 equiv.)
            	3.64E+00
            	3.68E+00
            	3.64E+00
            	5.35E+06
            	5.57E+06
            	7.08E+05
            	4.04E+00
            	4.08E+00
            	4.04E+00
          

          
            	POCP (kg ethene equiv.)
            	2.35E+00
            	2.38E+00
            	2.35E+00
            	1.55E+06
            	1.76E+06
            	6.77E+05
            	4.35E+00
            	4.40E+00
            	4.35E+00
          

        

        

        
          
          

          Fig. 7 
				
          

          
            Results of analysis
          
          

          

        

        It revealed that Option 2 would produce relatively fewer emissions pertaining to GWP than other two options, while Option 3 would be cleaner in terms of AP, EP and POCP.

        With regard to GWP, using LNG as a marine fuel was turned out to be the worst option: GWP for Option 3 was estimated at 2.18E+09 kg which was 0.51E+09 kg higher than Option 1, whereas 0.48E+09 kg higher than Option 2.

        The results may be attributed to the fact that the LNG inherently contain the high level of methane that is critical to the GWP. On the other hand, in terms of AP, EP and POCP, the use of the scrubber system with HFO led to the highest emission level than others: it was estimated at 2.86E+07 kg for AP; 5.57E+06 kg for EP; 1.76E+06 kg for POCP.

        It was because during the process of the heavy fuel oil refinery, relatively high level of emissions was produced, compared with the process of MGO or LNG refinery.

      

    

    

  
    
      4. Discussion and conclusions
      Indeed, given that the reliability of the LCA highly relies on the data quality, its collection when performing LCA is always problematic. This paper could be free from this issue. the analysis had to be somewhat simplified and assumptions needed to be applied to several parts. Meanwhile, the fact that environmental potentials cannot be technically compared one another leaves this paper incapable of suggesting the best option at all time.

      Nevertheless, it is safely believed that the results of works done in this paper can provide insight into the environmental impact of the proposed options in the long-term view, expanding the awareness of the shipbuilders and owners toward the marine environmental protection. Research findings can be summarized as below:

      a) Option 1, using MGO, would be effective in reducing GWP level, compared to using LNG, while better in reducing AP, EP and POCP levels than using HFO with the scrubber.

      b) Option 2, using HFO with the scrubber system, would be the most desirable in terms of reducing the GWP level, whereas the least desirable in reducing AP, EP and POCP levels.

      c) Option 3, using LNG as a marine fuel, would be the optimal option the most effective in curbing the AP, EP, and POCP levels.

      d) LCA is proven to be an effective method to investigate the holistic environmental impact of marine systems.

      e) For future study, various types of ships may need to be investigated to verify the adequacy of general application of the research findings.
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