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Abstract

:

This paper presents a review of the different methods and techniques used to optimize ship hulls over the last six years (2017–2022). This review shows the different percentages of reduction in ship resistance, and thus in the fuel consumption, to improve ships’ energy efficiency, towards achieving the goal of maritime decarbonization. Operational research and machine learning are the common decision support methods and techniques used to find the optimal solution. This paper covers four research areas to improve ship hulls, including hull form, hull structure, hull cleaning and hull lubrication. In each area of research, several computer programs are used, depending on the study’s complexity and objective. It has been found that no specific method is considered the optimum, while the combination of several methods can achieve more accurate results. Most of the research work is focused on the concept stage of ship design, while research on operational conditions has recently taken place, achieving an improvement in energy efficiency. The finding of this study contributes to mapping the scientific knowledge of each technology used in ship hulls, identifying relevant topic areas, and recognizing research gaps and opportunities. It also helps to present holistic approaches in future research, supporting more realistic solutions towards sustainability.
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1. Introduction


Increasing energy efficiency in ships has become essential for reducing fuel consumption and exhaust emissions at a reasonable ship speed while increasing the amount of cargo. This topic attracts international organizations’ interest in mitigating climate change, especially global warming, and achieving zero emissions by 2050. As the primary organization responsible for maritime activities, the International Maritime Organization (IMO) took the lead through the Marine Environment Protection Committee (MEPC) to apply stringent regulations, starting from 2000 until now, to reduce the level of different emissions from ships along different tiers.



As a result, nitrogen oxides (NOx) were cut by 80% in 2016 compared with 2000 [1]. Sulphur oxides (SOx) have been cut by 95% in emission control areas (ECAs) starting from 2015 compared with 2010, and by 90% in non-ECAs starting from 2020 compared with 2012 [2]. Carbon dioxide (CO2) has been evaluated based on several indices, such as the Energy Efficiency Design Index (EEDI) for design purposes and Energy Efficiency Operational Indicator (EEOI) for operational purposes. Due to some limitations in these indices in presenting accurate estimations, the Energy Efficiency Existing Ship Index (EEXI) for design is under development. It will come into force at the beginning of 2023. Also, the Carbon Intensity Indicator (CII), which is still under development as well, will be used to evaluate a ship’s performance along the trip [3,4]. The last indicator will rank the ship from A to E, where a Ship Energy Efficiency Management Plan (SEEMP) will be required to improve ship performance, mainly when the ship’s ranking is located in the last two places (D and E). These new indices will be considered short-term solutions to enhance the SEEMP, which will be replaced by alternative fuels to mitigate the CO2 emissions, as shown in Figure 1.



Over the years, several techniques have been proposed to ensure ships’ sustainability and improve their energy efficiency. These techniques cover the different parts of the ship from design and operational points of view [5].



The main technique to ensure sustainability is to keep upgrading the propulsion system and using alternative and clean fuels to reduce fuel consumption [6,7,8]. Therefore, optimization procedures are required in order to find the optimal configurations for operating the engine with lower consumption and emissions [9,10,11,12,13,14], as well as the use of alternative fuels such as natural gas or biofuel [15,16,17,18,19], with methanol and ammonia will to be used in the near future [20]. Figure 2 shows the different technologies and fuels on a pathway to zero-emissions shipping. This will require selecting the best waste heat recovery system (WHRS), the second technique used, to ensure the system’s maximum benefit from the exhaust gas [21,22,23,24].



The third technique used is to install after-treatment systems such as selective catalytic reduction (SCR) for NOx emissions reduction [25,26,27], scrubbers for SOx emissions reduction [28,29,30,31] and carbon capture and storage (CCS) for CO2 reduction [17,32]. Ship speed reduction is another solution already considered to significantly reduce the amount of fuel consumed [33,34,35]. Another concept considered during the design stage is selecting an optimum propeller to operate effectively and efficiently [36,37,38,39,40,41,42]. Combining all of these techniques in a ship routing code can achieve an accurate overview of the ship’s performance and, in particular, the fuel consumption along the ship’s routes [43,44,45,46,47,48,49].



From all these techniques used, the ship hull is the main part that requires optimization procedures towards energy efficiency by reducing the ship resistance, and thus the required power, and by holding the maximum amount of cargo [50]. More advantages will accrue from comparing computational fluid dynamics (CFD) results with empirical formulas [51].



In the past few years, several review papers have been published concerning an overview of the energy efficiency techniques used to improve ship performance towards the mitigation of greenhouse gas (GHG). These review papers provided the percentage of fuel consumption and exhaust emissions reduction of the different systems installed on board [17,52,53].
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Figure 2. Technologies and fuels on a pathway to zero-emission shipping. Reproduced from [54], with permission from Department for Transport, 2019. 
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Hence, this paper aims to focus on the improvement performed on the main hull to reduce the resistance and increase the amount of cargo by analyzing the decision support techniques and map future research. This leads to the main question, which is:



What methods and techniques are adopted to improve ship energy efficiency and help the ship designer to achieve the optimal hull form in terms of design and operational conditions?



This paper covers the recent journal papers published over the last six years (2017–2022) based on the Scopus database, since the international regulations to reduce exhaust emissions have become applicable, as well as considering the rapid improvement in software tools and computer performance. This helps to extract the main findings related to energy efficiency and to identify the emerging trends and future research needs.



The remainder of this paper is organized as follows: Section 2 presents an overview of the decision support methods and techniques used in the literature review. Section 3 shows the application of the decision support methods in four research areas to improve hull performance. Finally, Section 4 presents some conclusions and recommendations for further research.




2. Decision Support Methods and Techniques


This section briefly describes the two common methods used in the literature to find the optimal solutions for ship hulls: operational research (OR) and machine learning (ML) techniques.



2.1. Operational Research


The OR techniques are considered one of the effective methods to find the optimal solutions for complex systems, where the machine can achieve more accurate results than manual computation [55]. It is an analytical method to find a system’s optimal solution by defining one or more objectives, while complying with the limitations of given constraints. These kinds of methods are applied to achieve the optimal configurations of different complex systems. Usually, several numerical models are coupled to achieve optimal results, where one or more optimizers are implemented to evaluate the system’s performance. The optimizers can be local or global according to the chosen problem and software and hardware performance.



In addition to deterministic optimization, stochastic optimization or optimization under uncertainty is a branch of optimization methods where the data or the model is uncertain, and the probability distribution can be estimated. This helps to optimize the expected performance of the system.




2.2. Machine Learning


ML is a data analysis method that automates the building of analytical models. It is an application of artificial intelligence (AI) where the developed systems can learn from data and make decisions without the intervention of humans [56]. ML has a different learning approach according to the type and amount of human supervision during the training and can adapt to new data and be applied to very complex problems where there is no solution with a typical approach, for instance, recognizing the ship type [57].





3. Application of Decision Support Methods and Techniques for Efficient Ship Hulls


In this section, the results from the literature review are presented and discussed, covering the different methods and techniques used to improve the ship hull form, hull structure, hull cleaning and hull lubrication.



3.1. Hull Form


The hull is considered the most notable structural entity of the ship, which holds and protects the ship’s cargo, machinery, and accommodation spaces along the ship’s trip. This is why it requires more attention during the preliminary stages of ship design, not only to ensure the safety of the ship but also to maximize the amount of cargo with the lowest required power to move the ship. Therefore, several types of hull series, such as series 60, are proposed as reference hulls, based on experimental tests, to assist the ship designers in easily selecting the best hull form for different hull parameters. To ensure high-precision surface finishes, the electro-discharge machining (EDM) technique is applied to highly complex geometries [58].



Uncertainty analysis, OR and ML techniques have become widely used to improve hull performance and can be easily coupled to any kind of software using application programming interfaces (API). Therefore, the study’s goals consider single and multiple objectives for the different proposed optimization models.



Considering the energy efficiency indices during the computation becomes essential to evaluate the ship’s performance and present a clear overview of the ship’s energy efficiency. Therefore, Hou [59] used the uncertainty technique during the hull form optimization without constraints to minimize the EEOI based on the variation of ship speed. Also, Hou et al. [60] coupled different types of uncertainty and optimization techniques to minimize EEDI while finding the optimal hull parameters. These methods of uncertainty showed a great benefit in minimizing the values of the energy efficiency index.



Due to the complexity of the ship hull as a factor in achieving the most reduction in ship resistance, OR and ML effectively achieve highly accurate results. The research mainly focuses on the design conditions while reducing ship hull resistance; however, it has been extended recently to cover the operating conditions while considering the added resistance for different weather conditions, which is more realistic than only considering the concept of design.



In calm water conditions, Pechenyuk [61] applied an optimization technique to minimize ship resistance using CFD models by finding the longitudinal weight distribution and the corresponding hull contours. The results reduced the resistance of the optimized KRISO Container Ship (KCS) hull form by 8.9%. Li et al. [62] focused on optimizing the bow and the stern of the KCS, showing a reduction in total resistance and an improvement in wake fraction. Edalat and Barzandeh [63] used a genetic algorithm (GA) to optimize the hull form using empirical formulas and reduce the resistance, thus achieving lower fuel consumption. Huang et al. [64] focused on optimizing the fore part of the KCS based on the vortex search algorithm with gradient-based approximation. The algorithm is very fast at finding the global solution to reduce the resistance. To reduce problem complexity, Liu et al. [65] used sensitivity analysis to find the optimal hull form, showing the importance of using Sobol and kriging model-based tensor-product basis function (TPBF) methods to achieve the best solution.



After that, Wu et al. [66] developed OPTShip-SJTU as an optimization tool based on a multi-objective genetic algorithm (MOGA). This tool can optimize the hull of a DTMB Model 5415 using the obtained Pareto front at three design speeds. The results showed a reduction in the hull resistance validated by the CFD solver. Also, Liu et al. [67] used the same model to study the hull-propeller interaction, showing an improvement in the hydrodynamics of the ship; however, it takes several months to achieve the results in high fidelity. Goren et al. [68] used the quadratic programming technique to reduce wave resistance by modifying the hull parameters at the design waterline. The results were validated using experimental data, ensuring the accuracy of the developed model. The results proposed an effective model operating between Froude numbers greater than 0.21 and less than 0.4, where the generated wavelength is less than the ship length.



Duy et al. [69] focused on studying the flow around the transom stern using the CFD method based on various transom configurations. They concluded that the transom breadth and depth greatly affect ship resistance and the generated wave along the stern, which require an optimization technique to find the optimal design. Then, Zhang et al. [70] applied the immune quantum-behaved particle swarm optimization (IQPSO) as a global optimization technique to optimize both stem and stern and thus achieve a robust design in the prediction of the ship hull form. Cheng et al. [71] generated new surfaces using an optimization technique to improve the hydrodynamic performance of the ship by changing the bow shape, while keeping the same displacement and center of buoyancy.



Feng et al. [72] used the non-dominated sorting genetic algorithm II (NSGAII) as a multi-objective optimization technique to find the optimal hull form characterized by nine parameters to minimize the resistance and the wake flow. The results show a reduction in ship resistance by 1.59%, while the wake flow is reduced by 17.8%, compared with the original hull. Also, Tezdogan et al. [73] used a developed model coupling CFD and a nonlinear optimizer to find the optimal parameters of a fishing boat while reducing the ship resistance for the same displacement and at a defined speed.



Hou et al. [74] used a reliability-based optimization design (RBOD) to reduce the EEDI by optimizing hull parameters using the Monte Carlo simulation technique. The concept showed effectiveness in reaching a solution, though more reliability constraints could improve the quality of the model. Adaptive Simulated Annealing (ASA) was the considered optimizing algorithm to find the optimal design variables while increasing the moulded volume and decreasing the ship resistance for a given speed and propulsive coefficient.



By considering twin skeg as presented by Lin et al. [75], the resistance is reduced by 5.5% based on CFD computation and a surrogate model, where the optimization technique (NSGA-II) was used to find the optimal design with high accuracy and low time cost. The model could be more effective by considering the hull, propeller and rudder interaction. Furthermore, Lindstad and Bø [76] suggested that the slender hull form was more effective than the conventional hull in reducing ship resistance and thus reducing the required power in the ship, and could reach a reduction in GHG by 7–9%.



Cheng et al. [77] performed multi-velocity simulations. They used a developed model coupling CFD and a multi-objective genetic algorithm to reduce the wave-making resistance by finding the optimal shape of the bow and its parameters. This tool was considered practical for engineering applications. While the model was very effective, it was time-consuming, and it would benefit from considering the maneuvering and seakeeping behaviour of the ship during the optimization. Qiang et al. [78] performed a data mining approach after performing multi-objective optimization procedures to achieve the best design of the bulbous bow and the hull section to reduce the resistance at both low and high speeds. It was shown that a longer bulb and U- shaped body plan could reduce the wave-making resistance.



Guan et al. [79] improved the hull design of a large tanker by developing a method for the parametric design of the hull surface. This method is based on energy optimization procedures and takes into account several design procedures, while it is limited in considering the hydrodynamic performance from model tests.



Seok et al. [80] improved the bow shape of a tanker ship using design of experiment (DoE) and CFD methods. As a result, they reduced the added resistance by 52% compared with the original hull. Jung and Kim [81] optimized the hull form of KVLCC2 using MOGA by minimizing the total resistance of a ship in waves and the speed loss due to the existence of additional resistance. Different hull forms were proposed using a Pareto front and compared to the original hull. Skoupas et al. [82] used the NAPA [83] software environment to find the design variables of a roll-on/roll-off (Ro-Ro) passenger ship, taking into account transport capacity and economic viability, in addition to the propulsive power, while considering the intact and damaged stability as constraints.



Coppedè et al. [84] used trained machine learning techniques based on the Gaussian process-response surface method to generate multi-dimensional surfaces for optimization procedures, which have been validated using high-fidelity CFD simulations. Zhang et al. [85] used a deep belief network (DBN) as a machine learning technique to reduce wave-making resistance by finding the optimal hull parameters of a Wigley ship. As a result, the accuracy of the results was much higher than using the traditional surrogate model presented in the paper. Zhang [86] combined the DBN and research operation to optimize the bow shape as a way to minimize the total resistance. It was concluded that the method was suitable for finding the optimal solution. More parameters would be beneficial to improve the machine learning method. By applying Self-Organizing Maps (SOM) and Model-based Annealing Random Search (MARS) as in [87], the design space could be reduced and the optimization problem could be faster in finding the optimal solution.



Feng et al. [88] optimized the hull of a multi-purpose wind offshore supply vessel to reduce the total resistance. The resistance was computed based on a potential flow boundary element method and a Reynolds-averaged Navier–Stokes equation solver coupled with two multi-objective optimization algorithms. They found that a thinner and longer bulbous bow could greatly reduce resistance between 11 and 14 knots, while a bloated bulbous bow would be more effective for higher speeds. Zhao et al. [89] optimized the hull and the bulbous bow of a trawler separately using a developed model coupling CFD and CAESES software. The results from the optimization model were validated using experimental tests and showed a reduction in ship resistance for different operational conditions. However, optimizing both parts at the same time would achieve more accurate results. Wang et al. [90] developed an optimization model coupling a uniform design (UD), free-form deformation method (FFD), radial basis neural network (RBFNN) and a series of GAs to optimize the hull form based on more than three objectives proposed. The results, which were validated using experimental data, showed an improvement in ship resistance and wake flow in full load and ballast conditions. Feng et al. [91] found the optimal hull form according to the optimized bow thrusters to improve the propulsion efficiency and reduce the pressure along the ship hull.



In terms of seakeeping, Zha et al. [92] optimized ship hull form to reduce calm water resistance and improve the vertical motion performance using CFD solvers. Based on the different proposed cases in the Pareto front, the optimization tool showed effectiveness in helping the ship designer to find the optimal hull form based on given constraints.



In weather conditions, Lee et al. [93] introduced a preliminary study on the effects of motion, incident wave, and green-water allowance around the bow region. They studied the effect of bow shape on ship performance using experimental tests for two modified hull forms from the parent hull of KVLCC2. They concluded that Ax-bow shows lower added resistance among the cases, while the motion responses are unaffected.



Zhang et al. [94] achieved a reduction by up to 4.41% in ship resistance in waves, calculated by the Reynolds Averaged Navier–Stokes (RANS) method when optimizing the bow of two hulls using CFD models coupled with a nonlinear optimizer. This model could lay the foundation for further optimization procedures of full-scale ships. Lee et al. [95] used GA and ML to optimize the bulbous bow and, thus, the corresponding hull parameters to reduce the ship resistance and predict the added resistance due to waves. They proposed an alternative method that saves time and effort to train the data from experimental tests (12 cases) and generate a new prediction function to be further used during the early design process.



Kim et al. [96] found the optimal hull parameter to reduce ship resistance in calm water and weather conditions. Based on GA, the optimal hull is thinner and longer compared with the parent hull. A reduction in ship resistance was achieved by 3.58%, while the speed losses were reduced by 10.2%. The authors confirmed that optimizing the hull in weather conditions could increase the ship’s energy efficiency more than in calm water conditions. Feng et al. [97] used a multi-objective optimization algorithm to find the optimal ship parameters of containerships. The computed results were compared to experimental data. Based on several generated designs, the wave-added resistance and the total ship resistance in regular waves were successfully reduced while affecting the ship motions in head waves.



As the slow steaming technique is followed by several ships to cut the level of fuel consumption significantly, it is interesting to optimize the ship hull form under these operational conditions. Yin et al. [98] applied an optimization method to find a container ship’s optimal bulbous bow form under various service conditions, especially the slow steaming conditions, providing more practical computations along the ship route than a single specification design.



In addition to finding the optimal hull form, Hou et al. [99] applied the energy-saving device (underwater stern foil) concept to reduce the resistance and improve motion response based on experimental data. As a result, the resistance and the oscillating trim amplitude could be reduced by 6.4% and 26% at high speeds, respectively.




3.2. Hull Structure


During the construction, steel, with different grades, is still the common material used in a ship hull, which is approved by the classification societies according to the ship type and the loads applied to the structure.



In terms of energy efficiency, Gilbert et al. [100] applied a life cycle assessment approach to reuse steel to reduce CO2 emissions. This approach can also improve the management of the shipbreaking and recycling industry, which requires stringent safety aspects [101], and can reduce CO2 emissions by 29% with a 100% reusable hull and by 10% with a 50% reusable hull. However, more cooperation between public and private organizations is required to ensure steel quality. Based on the results of the same method [102], renewing steel every ten years in addition to annual hull inspections and re-coating can achieve significant cost reductions and contribute to reducing hull resistance.



These studies have been extended by applying a multi-objective probabilistic optimization process (MOPOP). Continuous long-term structural health monitoring is studied for efficient service life management [103]. This model can assess fatigue damage by minimizing the expected damage detection, the expected maintenance delay and the expected life-cycle cost while maximizing the damage detection time-based reliability index and the expected service life extension. Zareei and Iranmanesh [104] optimized the maintenance planning of the ship structure using a multi-objective optimization problem. This optimization model is based on minimizing the structure’s life-cycle maintenance costs, including inspection and repair costs, and minimizing the risk of structural failure during the ship’s life.



In terms of ship design, Kim and Paik [105] applied a multi-objective optimization model to minimize the structure’s weight and maximize the safety aspects. They achieved a 20% reduction in required man-hours, a 3% reduction in structural weight, and improved safety factors. Yu et al. [106] used the first-order method to find the optimal solution, which showed a reduction in the weight of the superstructure using composite material by 30% compared with a steel superstructure. Garbatov and Huang [107] optimized the ship structural components subjected to stochastic loads to avoid local buckling and minimize the component net-section area, lateral deflection, and fatigue damage. Based on the Pareto frontier, the optimal solution decreased the section area by 9%. Silva-Campillo et al. [108] minimized the structure’s weight by finding the geometry of an innovative bracket in the bow and ensuring the buckling strength. The results showed valuable design criteria in achieving the objective of the study. Mancuso et al. [109] combined finite element analysis (FEM) and topology optimization to find the optimal reinforcement places inside the hull and relevant improvements were found in terms of reduction of moments of inertia and local stiffness.



By considering the capacity of cargo, Jafaryeganeh et al. [110] and Jafaryeganeh et al. [111] optimized the internal layout of a shuttle tanker using a multi-objective optimization model. This developed model could minimize the oil outflow parameter, maximize the cargo capacity and minimize the longitudinal bending moment while finding the positions of watertight members in the internal layout. In addition, Jafaryeganeh et al. [112] extended the previous work covering uncertainty analysis for a more realistic robust design.




3.3. Hull Cleaning


Hull cleaning is an essential process that is required frequently to remove the layer of biofilms on the structure below the waterline, to ensure that the ship has lower resistance, consumes less fuel and reduces speed losses, as shown in Figure 3. For instance, increasing the resistance by 30% due to biofouling for a 100,000 DWT tanker can increase the consumption of fuel by 12 tons/day [113] or increase the fuel consumption by 10% after ten years of operation [114,115].



The three methods of ship hull cleaning—(1) manual hull cleaning, (2) powered rotary brush cleaning systems and (3) noncontact cleaning technology—were presented by Song and Cui [117]. They found that using unmanned underwater vehicles would be cost-effective and robust in the future. Also, they found a combination of the different methods to achieve the best performance during the cleaning process [118].



Adland et al. [119] investigated the effect of cleaning the ship hull to increase the ship’s energy efficiency. They concluded that periodic hull cleaning significantly reduces fuel consumption. Cleaning the hull in dry-dock achieves a 17% reduction in fuel consumption, compared with underwater hull cleaning, which can achieve only a 9% reduction.



Using CFD software, Farkas et al. [120] demonstrated the effect of biofilm on ship propulsion that should not be ignored. They showed that the delivered power could be increased by up to 36.3%, accompanied by a reduction in ship speed of 2 knots. They concluded that studying the time-dependent biofouling growth is related to economic and environmental benefits. Demo et al. [121] developed a complete numerical optimization model for the hull shape design. They coupled FFD to deform the hull surface, CFD to compute the total resistance, a surrogate model to reduce model complexity and an optimization method to find the optimal full form. They found a reduction in the total resistance coefficient by 1.2% compared with the original design. However, there could be improvement in the selection of the active subspace dimension to improve the efficiency of the optimizer while using a fast algorithm for the computation of the control points.



Oliveira and Granhag [122] used an immersed waterjet setup to test wall forces on different fouling-control coatings. By applying minimal cleaning forces on biocidal antifouling (AF) or the biocide-free foul-release (FR) coatings, they reported no significant damage to the hull over one year. Further research could be extended to achieve the same effect on the hull for many years. Erol et al. [123] analyzed the performance of a battery hybrid electric ship for nine months using Curve Fitting and Detrended Fluctuation Analysis (DFA) and found a reduction in ship speed by 6%. The investigation would be extended to cover more than one year to detect and improve ship operation performance.



An automatic system was proposed by Le et al. [124] to save energy and water during ship hull cleaning using a convolutional neural network (CNN) by finding the optimal path of the robot to perform cleaning procedures. The method could reduce the energy and water required by around 10% while ensuring the ship’s maintenance standards to avoid hull deformation. Finally, Yusuf et al. [125] showed that creating surfaces using specific materials, such as those with superhydrophobic or superhydrophilic wettability properties, would be effective as self-cleaning surfaces in the marine environment.




3.4. Hull Lubrication


Recently, hull lubrication has been utilized to reduce frictional resistance by creating a layer of air bubbles between the keel and the water, thus reducing the required power to operate the ship and consuming less fuel, as shown in Figure 4. It has the direct effect that the ships can improve energy efficiency and reduce energy losses and it is expected to achieve up to a 10–15% reduction in CO2 emissions. In addition to the emissions reduction, hull lubrication has an advantage in reducing underwater noise due to the reduction of vibration and engine noises as well as the reduction of the accumulation of aquatic organisms [126]. According to the American Bureau of Shipping (ABS) [127], the number of cruise ships that have a hull lubrication system is the highest compared with other types of ships.



There are different systems; the main idea of all systems is the same, but the technology used and integrated into the hull is different. Air lubrication systems (ALS) [128], Air Cavity Ships (ACS) [129], and Winged Air Inject Pipes (WAIP) [130] are the three systems that exist in the market. These systems are approved by the MEPC.1/Circ.815 17 [131] to reduce the level of EEDI.
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Figure 4. Diagram of ALS system producing air layer under the hull bottom of a passenger vessel. Reproduced from [132], with permission from MDPI, 2021. 
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Yanuar et al. [133] found that the air layer drag reduction (ALDR) technique is very effective and can apply to a self-propelled barge to reduce the ship drag by 90%, in particular at low speed. Hao et al. [134] found a reduction in the frictional resistance of a bulk carrier ship model at specific conditions of air injection. The bottom air layer was observed and the expected power savings were estimated to reach 15% in a full-scale ship without considering the consumption of air injection. As the simulation was performed in calm water, considering the waves in further research is important to ensure the behaviour of the ship in terms of efficiency and safety aspects.



Matveev [135] provided a simplified potential-flow method of air cavities formed under horizontal walls. They found that increasing the air rate is valuable at low amplitudes of pressure fluctuations in the flow, while a reduction in the air rate can be effective in terms of power-saving at high amplitudes of pressure oscillations.



Kim and Park [136] compared the frictional drag reduction achieved due to air lubrication. Simulation-based CFD was performed for various injected airflow rates and compared with experimental results. They confirmed that the characteristics of the air and water have a great effect on drag reduction. In addition, the authors presented an important conclusion related to the limitations of the solver in CFD models, showing that Coupled Level-Set and Volume of Fluid (CLSVOF) was better able to predict the air layer well in air lubrication systems than only using a volume of fluid (VOF) solver.



Giernalczyk and Kaminski [132] evaluated the effectiveness of the ALS installed on a passenger ship to reduce fuel consumption and improve EEDI. They proposed different operational conditions to compute the different powers required, the fuel consumed, and the ship speed according to the on–off status of the ALS. The study presented a preliminary investigation of the ship performance using ALS, while it was required to be validated using experimental data.



According to Matveev [137] and based on CFD computation, the ACS showed lower vertical accelerations in waves compared to the same solid hull, and it was suggested that the time histories of kinematic parameters and distributions of flow field variables presented in the manuscript could be beneficial for developers of air-cavity hulls.





4. Conclusions and Future Trends


This paper comprehensively reviews the methods and tools used during hull design to improve ships’ energy efficiency to reduce resistance and thus fuel consumption during the last six years (2017–2022).



As the hull becomes more complex, normal simulation techniques are insufficient to achieve the optimal goal. Therefore, uncertainty analysis, operation research and machine learning could be coupled to the simulation models to achieve the best performance. Four research areas have been presented in this paper related to hull design: hull form, hull structure, hull cleaning and hull lubrication. Different software and methods were developed, mainly based on CFD computation, to achieve optimal results. No specific method is considered the optimum, while the combination of several methods can achieve more accurate results. It has been concluded that:



Regarding the hull form, several tools have been developed to help the ship designer during the stages of ship design to achieve the best hull form in calm water [138,139]. These tools can minimize the total resistance of the ship and improve the propulsive coefficients. However, it is also important to consider the weather conditions to achieve the optimum design regarding the operational conditions, especially the most frequent ones, particularly with the availability of climate information [140].



Few papers considered the operation concept during the simulation and prediction of hull form. However, a holistic approach is required, combining the reduction in ship resistance, maximization of the amount of cargo and improvement in the seakeeping performance along the ship route to verify the limitations of the new regulations applied, such as EEXI and/or CII [141].



Regarding the hull structure, several papers have been published considering a single objective, such as reducing the hull weight. However, it is also essential for further research to assess the reduction of hull weight using composite materials by finding the optimal division of the inner hull while considering the operation of loading and unloading conditions to achieve a robust design.



Regarding the hull cleaning, more information is required regarding ship operation over the entire life, so it can be easily predicted by surrogate models to estimate the amount of required power and fuel consumption. It is also important to provide more realistic data related to the deformation of the hull from the cleaning process and its effect on the ship resistance [142].



Regarding hull lubrication, the presented techniques show a significant reduction in ship resistance, which can be considered a standard technique for energy savings. Further research needs to include stability calculations in addition to the reduction of ship resistance, mainly in real operational conditions, to achieve an overall point of view along the ship route.



The findings of this study contribute to mapping the scientific knowledge of ship hull technology, identifying relevant topic areas, and recognizing research gaps and opportunities. Furthermore, this review helps to present holistic approaches towards maritime sustainability in further research to provide more realistic solutions.
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	3D
	Three dimensional



	ABS
	American Bureau of Shipping



	ACS
	Air Cavity Ships



	AF
	Antifouling



	AI
	Artificial intelligence



	ALDR
	Air layer drag reduction



	ALS
	Air lubrication system



	API
	Application programming interfaces



	ASA
	Adaptive Simulated Annealing



	CCS
	Carbon capture and storage



	CFD
	Computational fluid dynamics



	CII
	Carbon Intensity Indicator



	CLSVOF
	Coupled Level-Set and Volume of Fluid



	CNN
	Convolutional neural network



	CO2
	Carbon dioxide



	DBN
	Deep belief network



	DFA
	Detrended Fluctuation Analysis



	DoE
	Design of experiments



	ECAs
	Emission Control Areas



	EDM
	Electro-discharge machining



	EEDI
	Energy Efficiency Design Index



	EEOI
	Energy Efficiency Operational Indicator



	EEXI
	Energy Efficiency Existing Ship Index



	FEM
	Finite element analysis



	FFD
	Free-form deformation method



	FR
	Foul-release



	GA
	Genetic algorithm



	GHG
	Greenhouse gas



	IMO
	International Maritime Organization



	IQPSO
	Immune quantum-behaved particle swarm optimization



	KCS
	KRISO Container Ship



	MARS
	Model-based Annealing Random Search



	MEPC
	Marine Environment Protection Committee



	ML
	Machine learning



	MOGA
	Multi-objective genetic algorithm



	MOPOP
	Multi-objective probabilistic optimization process



	NOx
	Nitrogen oxides



	NSGAII
	Non-dominated sorting genetic algorithm II



	OR
	Operation research



	RANS
	Reynolds Averaged Navier–Stokes



	RBFNN
	Radial basis neural network



	RBOD
	Reliability-based optimization design



	Ro-Ro
	Roll-on/roll-off



	SCR
	Selective catalytic reduction



	SEEMP
	Ship Energy Efficiency Management Plan



	SOM
	Self-Organizing Maps



	SOx
	Sulphur oxides



	TPBF
	Tensor-product basis function



	UD
	Uniform design



	VOF
	Volume of Fluid



	WAIP
	Winged Air Inject Pipe



	WHRS
	Waste heat recovery system
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Figure 1. Indicative timeline for developing and implementing possible global policy measures. 
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Figure 3. Variation in speed loss and measured speed of a tanker over three years. Vertical blue lines mark the cleaning events. Reproduced from [116], with permission from Chalmers University of Technology, 2017. 
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