

  jmse-10-00263




jmse-10-00263







J. Mar. Sci. Eng. 2022, 10(2), 263; doi:10.3390/jmse10020263




Article



Decision Support System for Technology Deployment Considering Emergent Behaviors in the Maritime Industry



Kazuo Hiekata 1,* and Zhinan Zhao 2[image: Orcid]





1



Graduate School of Frontier Science, The University of Tokyo, Kashiwa 277-0882, Japan






2



Simplex Inc., 19F Toranomon Hills Mori Tower, Tokyo 105-6319, Japan









*



Correspondence: hiekata@edu.k.u-tokyo.ac.jp







Academic Editor: Eugen Rusu



Received: 28 December 2021 / Accepted: 9 February 2022 / Published: 14 February 2022



Abstract

:

The maritime industry is trying to utilize new technology for enhancing its competitiveness to overcome today’s severe economic situation, and some interact effects, or potentially emergent effects, will emerge during the introduction of these technologies. In this study, various simulations that relate to marine logistics and shipping were performed. By contrast, a detailed method that can reproduce emergent effects is required to some extent. This study utilized a Monte Carlo simulation for uncertainties, such as market and failure uncertainties. To evaluate and explore the emergent effect correctly and accurately when multiple technologies are introduced, an evaluation methodology was developed, which can evaluate the interact effect from the perspective of profit improvement and CO2 reduction during the transportation period. As a case study, decision making for introducing 28 technology combinations to the maritime industry was conducted, and the utility of the proposed methodology was assessed.
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1. Introduction


In recent years, the maritime industry has been striving to enhance efficiency, reduce costs, and strengthen competitiveness while effectively utilizing technologies for development. Although studies on the emergence and evaluation of synergistic effects by combining elements are currently progressing in many industries, it is difficult to create a simulation that can reproduce the emergent phenomenon. There is a need to support the decision-making aspect of selecting the technologies to be deployed and examining the effects of deploying a combination of technologies using new simulations.



In this study, we developed a decision support system to improve the performance of complex marine transportation systems by exploring combinations of technologies that can produce emergent behavior regarding improving operational profits and reducing CO2 emissions on the basis of the background and perspective of decision makers in the maritime industry.



As the methodology of the simulation, we applied several models that help calculate the operational profit and CO2 emissions during ship transportation. By changing the value of input parameters in a well-designed simulator, the performance of deploying multiple technologies at the same time can be compared and evaluated in a quantitative aspect.



This study proposed a novel method of how to evaluate some critical performances, such as operating profit improvement and CO2 emission reduction, in the maritime industry. Furthermore, the methodology of exploring emergent effects by deploying multiple technologies at the same time can significantly help decision makers to make appropriate decisions and strategies of technology introductions in the maritime industry.




2. Technology Trends and Related Studies


2.1. Efforts to Reduce CO2 Emissions


Japan played a major role in the creation of an international framework for reducing CO2 emissions at the International Maritime Organization (IMO) [1]. At the 62nd Marine Environment Protection Committee (MEPC) held in July 2011, international rules were implemented regarding CO2 emissions from ships.



Additionally, at the 72nd MEPC held in London in April 2018, an agreement was made to reduce CO2 emissions to zero in marine transportation as early as possible in the 21st century. In order to regulate CO2 emissions, there was a consensus to reduce emission rates by more than 40% by 2030 and 70% by 2050 from that of the rates of 2008 [2].




2.2. Simulation Utilization for Decision Making


Presently, there are only a few studies on the evaluation of synergistic effects when multiple technologies are deployed. However, many previous studies on simulations have elements in common with the proposed simulations.



In the maritime and manufacturing fields, studies have been conducted on simulating the relationship between the operating process of the manufacturing equipment in a shipyard and power consumption [3]. For example, Suzuki et al. proposed a design process simulation supporting advanced decision making [4]. This section deploys such research cases and describes the position of this study.



2.2.1. Simulation for Ship Performance Evaluation


Many studies have been conducted on developing simulation models and obtaining knowledge for marine transportation systems [5,6].



The commercial simulator Apros was used to model and simulate the energy system of the cruise ferry Viking Grace [5]. The developed model was characterized by the development of new energy-saving methods, such as a battery storage system for waste heat, vaporization of liquefied natural gas, seawater air-conditioning, and analysis of design variables. By increasing the number of technologies that utilize waste heat, it is possible to improve energy efficiency and reduce costs. However, the expected side effects of deploying new technologies increase the complexity of the system, which makes it more difficult to determine the design between alternative technologies. The case study showed that modeling and dynamic system simulation can bring significant benefits to the energy efficiency design of new and existing vessels.



Another study presented and investigated important factors that influence a vessel’s fuel consumption during operation and what model fidelity is required to adequately capture these factors in fuel consumption estimations [6]. According to the results, variation in propeller loading and, consequently, propulsion efficiency are the most prominent physical factors for the estimation of required power and fuel consumption. Furthermore, the article explained that the ability to replicate realistic scenarios using simulators has a significant effect on our understanding of how operational and environmental factors affect operational performance.



Another study analyzed and modeled data collected from 20,000 DWT bulk carriers on voyages around the world for over a year to develop a safe and efficient marine transportation system [7]. This study explored new relationships in connection with speed loss and wave conditions. These relationships were verified by experimental data, numerical simulations of the ship motions, and frequency responses of the air and sea conditions.




2.2.2. Simulation and Optimization for Ship Operation


There are studies that gain insights from the optimization of the ship operation by modeling the scheduling of navigation routes.



Alderson modeled the global maritime transportation network as a layered network to evaluate the security of transportation systems utilizing collected data [8]. Furthermore, Carotenuto et al. utilized discrete event simulation to reproduce the behavior of the inventory trend for maritime transportation [9]. The model includes details of the loading and unloading processes.



A mathematical model that minimizes the total waiting time, with respect to the scheduling order, travel, and berth distance, was established to improve the efficiency of shipping scheduling by adjusting waterways and berths [10]. Furthermore, the study applies a simulated annealing multi-population genetic algorithm (SAMPGA) to propose a model for vessel transportation scheduling at ports. Upon simulating numerical examples for 10 and 20 vessels, the waiting time and total scheduling time were observed to be 485 min and 342 min for 10 vessels and 1731 min and 456 min for 20 vessels. In comparison with the simple genetic algorithm and first-come-first-serve methods, SAMPGA was able to significantly reduce the total wait time, scheduling time, and maximum wait time. The results reveal that the proposed models and algorithms can improve the efficiency of shipment scheduling while ensuring safety.




2.2.3. Research on Uncertainty Modeling


In the maritime industry, there are studies utilizing probabilistic approaches using Monte Carlo simulations on uncertain physical phenomena, which provide various observations and findings.



The maritime industry performs a wide range of simulations and evaluations, such as the operation of marine logistics systems and offshore platforms, one of which is sustainability analysis. This analysis is conducted to determine the appropriate timing of offshore operations, including marine transport. The traditional sustainability analysis provides optimal timings for specific points (the route’s starting point, midpoint, and endpoint). These results are useful for operations at fixed points, such as cargo handling at the starting point or endpoint. However, this approach has limited waypoints that represent the entire route, and operation under such meteorological conditions is not considered. Boram Kim and Tae-wan Kim described the disadvantages of traditional sustainability analysis [11]. To address these disadvantages, they developed a Monte Carlo simulation method to determine the optimal timing for transporting marine structures. Here, the optimal timing signified that the voyage time for economical transportation and safe operation, such as the average traction tension between a tugboat and towing vehicle, is short. A simulation was performed to determine the lowest average tensile force and estimate the time of arrival. These results contribute to the safe and effective planning of sea transportation.



Additionally, a probability framework was proposed for choosing the design of significant wave heights and the return period of barges, such as those used in the Gulf of Mexico, to design marine transportation of structural elements and systems [12]. The lateral rotation design was based on an optimization procedure, which is a trade-off between barge performance and structural damage loss, following meteorological or oceanic hazards along the route. In this study, a probabilistic model was presented for estimating the meteorological/oceanic hazards of marine transport. The lateral rotation was associated with the design of significant wave heights and recurrence intervals associated with such wave conditions.




2.2.4. Examples of Technology Deployment


This section presents case studies of technologies utilized in the maritime industry in recent years.



An example of marine equipment monitoring based on a maintenance framework is condition monitoring [13]. The measured data of each device is constantly obtained and analyzed by verifying the sensor output and extracting functions, such as temperature change, width, and vibration mode. The data are then analyzed, and maintenance is performed on the necessary parts when abnormal data are observed, which enables efficient maintenance of the equipment.



Recent studies proposed the concept of a smart port management system using IoT technology [14]. A smart port is a service system for port transportation that provides a variety of information services on the basis of the collection, processing, release, exchange, analysis, and use of related information. It also monitors vehicles, containers, cargo, ships, and customs clearance procedures online in real time, ultimately visualizing the entire process. This reduces the cargo handling delay rate by efficiently performing port operations.





2.3. Research Approach


In this study, various accurate and detailed simulations related to marine logistics and shipping were performed. This study includes not only the inside of ships but also ports and markets in the model. By contrast, a detailed method that can reproduce emergent effects is required to some extent. This study utilizes a Monte Carlo simulation for uncertainties, such as market and failure uncertainties.



Furthermore, it is necessary to develop detailed models to evaluate the technologies that are expected to be deployed. We developed a more detailed simulation compared to those of previous studies by identifying the subsystem that affects the technological performance from the results of the functional analysis of the system [15].



The simulation models are developed for specific targets such that the proposed method describes broader elements of the maritime transportation system and then develops details for specific elements of the whole system, if required.





3. Proposed Method


3.1. Overview of the Proposed Method


In this study, we built a logistics simulator based on the simulator created by a previous study [15], with reference to the technology group that is being considered for development or deployment in the maritime industry. The methodology in the previous study assumed that the states of a ship in service are “operation”, “cargo handling”, and “docking”. The number of incidents and failures, operating profit, flight delay, and cargo handling delay were calculated on the basis of several models. Some of the models are used in this study continuously, which will be introduced next. In addition, this methodology considers the effects of weather conditions as external influences. However, the simulator in previous research does not consider the influence of market fluctuations, and it assumes that fuel price and transportation fees are constant. The evaluation criteria were determined from the viewpoint of improving the operating profit and reducing CO2 emissions on the basis of the output value of the simulation. The study also explains a quantification evaluation method of emergent effects by deploying a combination of technologies. Figure 1 depicts an overview of the proposed method.



The functions of the simulator are classified into six models based on the status of the cargo ship, fuel consumption, failure and weather, cargo handling, profit and market models, and docking rules. The input is the parameter set in each model, and the output parameter is the total profit and carbon intensity.



The effect of deploying a single technology or multiple technologies is expressed by changing the parameters of the created models.




3.2. Selection and Calculation of Evaluation Indicators


It was necessary to compare the effects of deployment to explore the interactive effects by deploying multiple technologies. Therefore, a baseline was set to serve as a reference for the evaluation index. The total profit (million USD) and carbon intensity (g/(ton·km)), which were the evaluation indexes, are described below.



The total profit, π, is defined as the difference between the total income, I, and the total cost, Cost.


Π = I − Cost



(1)







Carbon intensity was calculated on the basis of the following formula for the annual transportation activity of a ship. Here, Es is the amount of CO2 emission per year, which is “cargo quantity times mileage”. The CO2 emission coefficient and specific gravity of a general fuel (C heavy oil) are based on the Ministry of the Environment’s greenhouse gas emission calculation, reporting, and publication system. The unit of carbon intensity is g/(ton·km).


CI = (Es (thousand ton))/(Amount of cargoyear (ton) × mileage (km) × 106)



(2)








3.3. Calculating for Emergent Effects on Total Profit


An overview of the method is depicted in Figure 2.



The method for calculating the emergent effect on the total profit was as follows:




	
Calculate the baseline, the simulation result without deployment of technology.



	
Compute the simulation with the deployment of a single technology.



	
Compute the simulation with the simultaneous deployment of multiple technologies.



	
Calculate the deployment effect, which is the difference between the results calculated in steps 2 and 3 and the baseline calculated in step 1.



	
Calculate the sum of deployment effects, effectcombi, when deploying a combination of multiple technologies simultaneously, along with the deployment effect, effectsingle,i, when deploying multiple technologies independently. The difference between the two, as shown in step 3, is termed the emergent effect, effectcombi.










emergencecombi = effectcombi − (effectsingle,i + effectsingle,j + ⋯)



(3)







Figure 3 depicts the emergent effects on total profit. If the emergent effect is a positive number, the deployment effect when the technology combinations are utilized simultaneously is larger than the sum of the deployment effects when the technologies are utilized independently. This implies a good emergent effect of deployment. Otherwise, if it is a negative number, it implies a negative emergent effect because of the deployment of multiple technologies.




3.4. Calculating Emergent Effects on Carbon Intensity


The method for calculating the emergent effect on carbon intensity is similar, but as carbon intensity is a unit that expresses efficiency, it is expressed in terms of a percentage. The deployment effect, influencecombi, and the emergent effect, emergencecombi, when utilizing a combination of multiple technologies simultaneously, are expressed in a percentage format, as shown in (4).


influencecombi = ((1 − |effectsingle,i|) × (1 − |effectsingle,j|) × ⋯ × 100%)



(4)






emergencecombi = effectcombi − influencecombi



(5)







Figure 4 depicts a schematic of the emergent effects on carbon intensity. The carbon intensity is expected to decrease with the deployment of technology. Therefore, when the emergent effect in carbon intensity is a negative number, the deployment effect when multiple technologies are deployed in combination is larger than the deployment effect when the technologies are deployed separately. This means that there is a good emergent effect in deploying a combination of technologies. In the contrary case, it implies a negative emergent effect.




3.5. Visualization of Evaluation Indicators


Evaluation indicators are essential to facilitate decision makers’ investment in high-performance technology combinations. In this study, we focused on two evaluation indexes: total profit and carbon intensity. Then, we created a matrix format that can evaluate the effect of technology deployment in two dimensions. The graph in Figure 5 illustrates the emergence effect of carbon intensity on the vertical axis and the emergence effect of the total profit, which represents the operating profit, on the horizontal axis.



The indications of each quadrant, horizontal axis, and vertical axis are depicted in the figure. When carbon intensity is positive, it is considered a bad emergent effect. When the total profit is positive, it is considered a good emergent effect. The second quadrant indicates that the deployment of technology produces a good comprehensive emergent effect, while the fourth quadrant indicates that it produces a bad comprehensive emergent effect.




3.6. Model Creation


The fuel consumption model was created considering the effects of aging and degradation in the general calculation method of vessel performance.



The failure and weather model was created using the beta distribution in the probability density function of encountering hull and marine equipment failures and bad weather.



The cargo handling model was defined by the sum of the standard cargo handling time and the time due to the cargo handling delay.



The profit model was divided into and defined in two parts, namely, income and cost.



The market model predicts crude oil prices and freight rates using the binomial lattice model from historical data of earlier studies.



The docking rule was defined by the conventional inspection rule of ship classifications.




3.7. Simulation


In the simulation, after entering each initial setting value, the following simulation procedure, as depicted in Figure 6, is repeated for each voyage until the end of the ship’s life cycle.



The Monte Carlo method is used in the simulation. The initial setting value changes during the simulation; the simulation is repeated many times.




	
Initial setting: input each initial setting value and start the simulation.



	
Market price calculation: calculate the crude oil price and fare rate predicted from the market model.



	
Calculation of cargo handling work impact: calculate the cargo handling equipment failure and cargo handling work delay on the basis of the cargo handling model, and then calculate the associated costs.



	
Meteorological and failure impact calculation: calculate the delay time and cost associated with hull and marine equipment failure on the basis of the failure and weather model.



	
Calculate the fuel consumption.



	
Calculate the carbon intensity.



	
Profit calculation: profit is calculated from the income and cost on the basis of the profit model and then the total delay time and navigation time.



	
Update of aging and fatigue effect: update the ship propulsion performance based on the aging deterioration effect of the fuel consumption model.



	
Calculation of docking impact: Decide the presence or absence of docking.



	
End of simulation: If the period exceeds the ship’s life cycle, calculate the total profit and average value of carbon intensity when the simulation is completed.








The simulation method utilizes the Monte Carlo simulation to calculate the effect of deploying a single technology or a combination of technologies on the two evaluation axes.





4. Case Study


4.1. Simulation Settings


With reference to the previous study [7], this case study first selected multiple technologies, organized the parts to be changed by each technology to realize the requirements of decision makers, and then changed the parameters of the relevant parts in each model. As depicted in Table 1, when deploying multiple technologies simultaneously, we changed the parameters of all the related models at the same time. For example, the basic value of the hull weight ratio was 1. We used this value as an input of the simulation. After the deployment of technologies, the hull weight ratio changed to 0.9, and we changed the input value to 0.9 and ran the simulation to obtain a contract result.



Subsequently, the marine logistics simulator verified the emergent effects of all combinations of technologies for the improvement of operating profit and reduction of CO2 emissions. Finally, the synergistic effects were exhibited by comparing the results considering investment decisions in combinations.



Table 2 illustrates a list of technologies, functions, and evaluating parameters to be changed in this case study.



In each scenario, there were one or several parameters of technology change from the basic setting to after changing status, which are shown in Table 2. The time of the simulation in each scenario was 1000.



In this case study, the parameter values of the basic setting were based on the existing level. Additionally, the parameter values after changing are levels expected to be achievable within a few years, assuming improvements due to the introduction of technologies in the maritime industry.



To make them easy to find, Table 3 shows all 28 simulation IDs, which correspond to each technology combination.



Additionally, in the simulation, when deploying a single technology, the parameters of the model that correspond to only that particular technology were changed. When deploying multiple technologies at the same time, the parameters of all models were changed simultaneously.




4.2. Confirmation and Analysis of Results


The results of the simulation are depicted in Figure 7. Because the simulation uses the Monte Carlo method, the vertical axis represents the average simulation result of the emergent effect on carbon intensity, and the horizontal axis is the average simulation result of the emergent effect on the total profit.



From the simulation result, we can confirm that the emergent effect on carbon intensity is close to zero. It is considered to have an extremely low emergent effect on CO2 emission efficiency because of the deployment of a combination of technologies. Hence, we can confirm that the effect of deploying a single technology and the effect of deploying multiple technologies at the same time are identical. However, there are certain combinations that are more effective than the others. We will analyze the ones that are further from identical among these combinations.



4.2.1. Technology IDs (4, 8)


By deploying technology ID 4 (port management system), the reference time and delay time of port work could be reduced, and the efficiency of operation could be improved. In addition, because the fuel consumption rate can be calculated using the approximate quadratic expression of the relative load of the engine, the maximum engine output, and the braking horsepower (BHP), the deployment of technology ID 8 (improvement of engine performance) improved the fuel consumption efficiency of the engine and reduced CO2 emissions when considered in the same economic activity. When these two technologies were deployed in combination, the improvement of operational efficiency and fuel consumption efficiency were effective in increasing profits and reducing costs at the same time, resulting in a positive emergent effect on the total profit. By contrast, ID 4 did not affect CO2 emission efficiency. Therefore, even if both technologies are deployed at the same time, there is no emergent effect on carbon intensity.




4.2.2. Technology IDs (1, 3)


The deployment of technology ID 1 (marine equipment monitoring and remote maintenance) reduced the failure rate of marine equipment and the delay time because of its reparations. The deployment of technology ID 3 (weather routing) reduced the probability of encountering stormy weather and improved fuel efficiency by reducing delay times. When these two technologies were deployed in combination, they worked together to shorten the delay time during operation and improve fuel efficiency. As there is no direct significant relationship with total profit, there was no emergent effect on the total profit. By contrast, although the fuel consumption efficiency was improved by deploying these two technologies at the same time, it was confirmed that there is a negative emergent effect in carbon intensity because of the increased operating time.




4.2.3. Technology IDs (2, 8)


The deployment of technology ID 2 (hull weight reduction) could reduce hull resistance and wetted surface area and improve the fuel consumption rate of the ship. By deploying technology ID 8 (improvement of engine performance), the fuel consumption efficiency of the engine could be improved, and the fuel consumption could be reduced. Both technologies improved the fuel consumption performance of ships. When they were deployed in combination simultaneously, the decreases in fuel consumption of each were offset, thus creating a negative emergent effect on total profit. By contrast, it cannot be said that the simultaneous deployment of these technologies can improve the CO2 emission efficiency significantly. Thus, it is considered that the emergent effect on the carbon intensity improved slightly.



The above cases confirm the simulation results and the emergent effects when carbon intensity and total profit are taken into consideration. By matching these mechanisms in the simulator with physical phenomena, it is possible to conduct a deeper study on technology deployment.





4.3. Sensitivity Analysis


In this study, a sensitivity analysis was performed by setting the ship velocity to four scenarios: 18 knots, 20 knots, 22 knots, and 24 knots. Figure 8 depicts the results of the sensitivity analysis. Each simulation ID corresponds to the technology combinations in Table 3. Each technology ID corresponds to its name in Table 4.



In terms of the emergent effect on the total profit, the combinations of technology IDs (1, 4), (2, 4), (4, 7), (4, 8) had largely positive emergent effects. By contrast, the technology ID combinations (2, 6), (2, 7), (2, 8), (6, 7), (6, 8), and (7, 8) had large negative emergent effects. It was also established that for technology combinations (1, 4), (2, 4), and (6, 7), the effect of the inter-technology interaction became evident as the velocity of the ship increased.



Regarding the emergent effect on carbon intensity, the result confirmed that the change in carbon intensity is irregular with the change in speed for many technology combinations. Technology combinations (1, 3), (2, 6), (2, 7), and (3, 4) portrayed a negative emergent effect on carbon intensity when the ship was operating at high speeds.



Because of the sensitivity analysis, with respect to the change in the speed of the operating ship, it is possible to invest in the technology combinations that are valuable for investment, considering the speed-setting practices for ships operating at constant speeds.





5. Discussion


5.1. Discussion of the Proposed Method


In this research, for technologies under development or utilized in the maritime industry, we were able to make a dual evaluation of the emergent effects in deploying technology combinations from the perspective of improving operating profit and reducing CO2 emissions to support decision makers.



By contrast, it is considered that other apparent emergent effects may appear from the combination of technologies in an analysis utilizing evaluation criteria that were not used in the study. Depending on the evaluation axis that the decision maker emphasizes, it may be meaningful to deploy a combination of related technologies.



Additionally, when we use this proposed method to search for the interaction of technology deployment, it is necessary to consider the difficulty of developing the technology itself or the dependency between several technologies. Therefore, when decision makers make decisions regarding the deployment of actual technology combinations, it is necessary to consider that it will create value in the future, in addition to the functions and effects that are realized. In this case, we may preferentially invest in the combination of these two technologies.




5.2. Discussion of Case Studies


Regarding the performance of deploying technology combinations, when considering carbon intensity and total profit, many technology combinations had a negative emergent effect on carbon intensity. Therefore, if decisions are made only for the purpose of improving operational profits, the combination of technologies for streamlining port operations and improving the fuel consumption performance should be deployed. When deploying multiple technologies for reducing carbon intensity, it may not be possible to obtain a large reduction because of emergent effects. It is effective to deploy a combination that can avoid negative emergent effects.



It was also observed that many technology combinations do not have a clear emergent effect caused by deployment. In such cases, it is necessary to consider the technology being deployed, or the selection of parameter values for the particular technology.



As this study considered market uncertainties, such as fluctuations in crude oil prices and freight rates, we think that fluctuations in total profit due to changes in the number of operations during the life cycle and changes in the ship velocity are non-linear. We can also recommend the evaluation method in this study for decision makers, who invest according to the effect of deploying a combination of technologies while considering market uncertainties.



On the other hand, there were some technology combinations whose functions could not be fully evaluated by the evaluation defined in this study. In this case study, there were a number of technology combinations that had almost no effect, especially the emergent effects on CO2 emission intensity. This is because the combination of the two relevant technologies does not significantly interact with the evaluation method developed in this study. However, from the results of this study, it cannot be asserted that the combination of the two applicable technologies should not be introduced at the same time. It is possible that a large emergent effect will appear from the combination of two specific technologies in an analysis using an evaluation axis that was not considered in this study. Depending on the evaluation axis that the decision maker emphasizes, it may be meaningful to introduce a combination of the two applicable technologies.





6. Conclusions


In order to improve operational profit and reduce CO2 emissions, this research successfully constructed a marine transportation simulator that can evaluate the emergent effect of deploying technologies quantitatively by changing the input parameter value.



A method was also proposed for evaluating the interaction of technology combinations using the total profit and CO2 emission intensity as the evaluation axes, with the aim of improving the performance of marine transportation systems and analyzing the emergent effects when the technology combinations were deployed simultaneously.



The novelty of this study was that it proposed a quantitative strategy of how to evaluate the improved operating profit and the reduction of CO2 emissions in the maritime industry. Furthermore, the study provides a practical methodology of exploring emergent effects by deploying multiple technologies at the same time in one system to help decision making in the maritime industry.



As a case study, we evaluated the deployment of 28 technology combinations, including those currently devised in the maritime industry. Some observations were verified as follows:




	
From the perspective of the technology developer, a logical and practical evaluating method as well as the simulation system were established for estimating the performance regarding reducing CO2 emissions and improving the operational profit of different technologies.



	
From the perspective of the decision maker, the effect of deploying the technology was quantitatively compared and evaluated on the basis of the two evaluation axes of operating profit and CO2 emissions.



	
A sensitivity analysis utilizing the operating speed as the input parameter variable provided decision-making support for an appropriate velocity of the ship during navigation and the combinations of technologies that are worth being deployed at the same time.
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Figure 1. Overview of proposed method. 
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Figure 2. Overview of calculating emergent effects on total profit. 
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Figure 3. Schematic of the emergent effect on total profit. 






Figure 3. Schematic of the emergent effect on total profit.



[image: Jmse 10 00263 g003]







[image: Jmse 10 00263 g004 550] 





Figure 4. Schematic of the emergent effect on carbon intensity. 
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Figure 5. Evaluation indicator graph of emergent effect. 
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Figure 6. Simulation procedure. 
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Figure 7. Simulation results considering total profit and carbon intensity (average). 
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Figure 8. Sensitivity analysis result. 
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Table 1. Example of deploying multiple technologies by changing parameters simultaneously.
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	Tech. ID
	Parameter
	Basic Value
	Changed Value





	1
	Hull weight ratio
	1
	0.9



	2
	Propeller efficiency
	0.8
	0.88



	3
	Basic cargo handling time
	48
	24
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Table 2. Technology deployment and altering the setting values.






Table 2. Technology deployment and altering the setting values.





	
Simulation ID

	
Technology Combination

	
Parameter Be Changed

	
Unit

	
Basic Setting

	
After Changing






	
1

	
Ship equipment monitoring and remote maintenance technology

	
Probability of engine failure

	
case/h

	
0.086

	
0.040




	
Probability of navigation equipment failure

	
case/h

	
0.114

	
0.060




	
Probability of auxiliary machine failure

	
case/h

	
0.321

	
0.150




	
Engine repairing time

	
h/case

	
2.367

	
1.200




	
Navigation equipment repairing time

	
h/case

	
0.933

	
0.500




	
Auxiliary machine repairing time

	
h/case

	
2.150

	
1.000




	
Number of crew

	
man

	
25

	
15




	
2

	
Ship weight reduction

	
The weight ratio of ship

	
-

	
1

	
0.9




	
3

	
Weather-routing technology

	
Distribution of probability of encountering stormy weather (Spring)

	
-

	
Beta (2, 2)

	
Beta (2, 5)




	
Distribution of probability of encountering stormy weather (Autumn)

	
-

	
Beta (2, 2)

	
Beta (2, 5)




	
4

	
Port management system

	
Standard cargo-handling time

	
h

	
48

	
24




	
Distribution of cargo-handling operation delay time

	
-

	
Beta (2, 2)

	
Beta (2, 5)




	
Probability of cargo-handling operation delay

	
case/port

	
0.1

	
0.06




	
Probability of port facility failure

	
case/port

	
0.010

	
0.005




	
Port facility repairing time

	
h/case

	
24

	
12




	
5

	
Data analysis in real ship operation

	
Distribution of fuel consumption increase probability

	
-

	
Beta (2, 2)

	
Beta (2, 5)




	
6

	
Hull performance-improving technology

	
Wave drag auxiliary coefficient

(Cw0, Cw1, Cw2)

	
-

	
−1.07 × 10−4

	
−9.07 × 10−5




	
-

	
7.44 × 10−6

	
6.32 × 10−6




	
-

	
4.23 × 10−6

	
3.59 × 10−6




	
7

	
Propeller performance-improving technology

	
Propeller ship-behind efficiency

	
-

	
0.8

	
0.88




	
8

	
Engine performance-improving technology

	
Fuel consumption rate coefficient

(SFOC0, SFOC1, SFOC2)

	
-

	
191.66

	
162.91




	
-

	
−45.58

	
−38.74




	
-

	
25.51

	
2.69
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Table 3. Simulation IDs that correspond to technology combinations.
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	Simulation ID
	Technology Combination
	Simulation ID
	Technology Combination
	Simulation ID
	Technology Combination





	1
	1, 2
	10
	2, 5
	19
	4, 5



	2
	1, 3
	11
	2, 6
	20
	4, 6



	3
	1, 4
	12
	2, 7
	21
	4, 7



	4
	1, 5
	13
	2, 8
	22
	4, 8



	5
	1, 6
	14
	3, 4
	23
	5, 6



	6
	1, 7
	15
	3, 5
	24
	5, 7



	7
	1, 8
	16
	3, 6
	25
	5, 8



	8
	2, 3
	17
	3, 7
	26
	6, 7



	9
	2, 4
	18
	3, 8
	27
	6, 8



	
	
	
	
	28
	7, 8
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Table 4. Technology IDs and corresponding technology names.






Table 4. Technology IDs and corresponding technology names.





	Tech. ID
	Technology Name





	1
	Ship equipment monitoring and remote maintenance technology



	2
	Ship weight reduction



	3
	Weather routing



	4
	Port management system



	5
	Data analysis in real ship operation



	6
	Hull performance improving technology



	7
	Propeller performance improving technology



	8
	Engine performance improving technology
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