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Abstract

:

The 80th session of the IMO Maritime Environment Protection Committee (MEPC 80) adopted the 2023 IMO Strategy on the Reduction of GHG Emissions from Ships (2023 IMO GHG Strategy), with enhanced targets to tackle harmful emissions. This study strives to provide an exact interpretation of the target of the 2023 IMO GHG Strategy and reveal the technical requirements therein. Decarbonization targets were expressed in IMO GHG emission scenarios for specifications. Model calculations and parameterizations were in line with IMO GHG reduction principles and decarbonizing practices in the shipping sector to avoid the prejudicial tendency of alternative fuels and the overestimated integral efficiency of short-term measures in existing predictions. IMO DCS data were used for the first time to gain reliable practical efficiencies of newly adopted regulations and further reduce the model uncertainty. The results demonstrated that the decarbonization goals for emission intensity were actually 51.5–62.5% in the IMO GHG reduction scenarios, which was much higher than the IMO recommended value of 40% as the target. Combined with the continuous applications of short-term measures, onshore power and regulations were required to contribute their maximum potential no later than the year 2030. Even so, considerable penetration (15.0–26.0%) of alternative fuels will be required by 2030 to achieve the decarbonization goals in the 90% and 130% scenarios, respectively, both far beyond the expected value in the 2023 IMO GHG Strategy (i.e., 5–10%). Until 2050, decarbonization from alternative fuels is required to achieve ~95%. Sustainable biodiesel and LNG are the necessary choices in all time periods, while the roles of e-methanol and e-ammonia deserve to be considered in the long term. Our findings highlight the intense technical requirements behind the 2023 IMO GHG Strategy and provide a pathway option for a fair and impartial transition to zero GHG emissions in the shipping sector, which might be meaningful to policymakers.
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1. Introduction


In July 2023, the International Maritime Organization (IMO) adopted the ‘2023 IMO strategy on the reduction of GHG emissions from ships’ (2023 IMO GHG Strategy) [1] during the 80th session of the IMO Maritime Environment Protection Committee (MEPC 80), which marked the decarbonization process in the shipping sector entering a medium–long-term stage. The 2023 IMO GHG Strategy indicates that GHG emissions from international shipping will reach net zero by or around 2050, which is more urgent than the target in the 2018 IMO GHG Strategy (50% by 2050) [2]. The importance of alternative fuel/energy, in particular, is emphasized in the 2023 IMO GHG Strategy. Moreover, the ambitious levels of reduction and indicative checkpoints taking well-to-wake (WtW) emissions into account are addressed in the ‘Guidelines on lifecycle GHG intensity of marine fuels’ (LCA guidelines, also approved at MEPC 80) [3] to prevent the shifting of shipping emissions to other sectors.



The 2023 IMO GHG Strategy is expected to produce a further push toward decarbonization in the shipping sector. Actions are supposed to be in line with the strategy; thus, the requirements of the reduction ambitions must be revealed and understood appropriately from the very first step. Previous assessments and predictions [4] consistently employed the IMO’s recommendation of at least a 40% reduction in emission intensity by 2030 [1,2] as a reduction target. Doing so could hardly cover all the requirements at indicative checkpoints in various scenarios. For example, ‘emissions (from international shipping) could represent between 90% and 130% of 2008 emissions by 2050’, ‘to reduce the total annual GHG emissions from international shipping by at least 20%, striving for 30%, by 2030, compared to 2008’, and ‘to reduce the total annual GHG emissions from international shipping by at least 70%, striving for 80%, by 2040, compared to 2008’ [1]. An appropriate understanding of the temporal and specific emission intensity targets in line with the shipping sector development predictions and reduction ambitions is crucial for assessments and predictions.



It is also challenging to design a comprehensive, goal-achieving pathway of the technical measures (that is, the technical requirements) for the whole shipping sector. Most of the GHG reduction potentials of the IMO’s short-term techniques have been investigated individually, and tempting ideal results have been reported, e.g., vessel size optimization (47%) [5,6], hull shape optimization (15%) [7], lightweight materials (9%) [4], air lubrication (8%) [8], hull coating (5%) [9], propulsion efficiency devices (9.6%) [10], speed optimization (19%) [4,11], voyage optimization (12.5%) [12,13], ballast water reduction (7%) [4,14], etc. Nevertheless, there has recently been less optimism related to the onboard practices of these measures. In the Fourth IMO GHG Study 2020, the IMO stated that more than half of these improvements were achieved before 2012 and that the pace of carbon intensity reduction has been further slowing down since 2015, with average annual percentage changes ranging from 1 to 2% [15]. Unfortunately, individual potentials are frequently suggested in measure introductions/recommendations rather than integral practical potentials [16,17], which results in overestimated integral reduction efficiencies for these measures and an underestimation of the technical requirements of the reduction pathway prediction.



Moreover, the bias toward marine fuel applications should be avoided, e.g., the tendentious attention turning toward methanol, ammonia, and hydrogen fuels from readily available liquified natural gas (LNG) and biodiesel [18,19,20,21,22,23]. In principle, fuel diversity can reduce risk in the shipping sector, and one-sided emphasis on the advantages of a single fuel type is dangerous. In reality, methanol, ammonia, and hydrogen fuels do not exhibit convincing low emissions in the LCA stage compared to LNG and biodiesel [16,24]. In addition, it is anticipated that fuels produced by hydrogenating either biomass or carbon dioxide are likely the solution, regardless of the fuel type [25,26]. Consequently, all fuels are included in the framework of the 2023 IMO GHG Strategy and the LCA guidelines based on the principles of ‘non-discrimination and no more favorable treatment, enshrined in MARPOL and other IMO conventions’ and ‘common but differentiated responsibilities and respective capabilities, in the light of different national circumstances.



Lastly, efforts should be made to reduce the complexity and uncertainties of the prediction model. The technical pathway to the GHG reduction target in the shipping sector comprises dozens of measures [15], and so does the prediction model [27]. Thanks to the IMO’s comprehensive assessment of the integral carbon intensity reduction of short-term measures, the relevant calculation and parameterization can be simplified in the following prediction model. In a prediction based on the 2023 IMO GHG Strategy, attention can mainly be paid to innovative measures and regulations, such as the LCAs of zero or near-zero GHG emission technologies, fuels, and/or energy; onshore power; the carbon intensity indicator (CII) rating; etc. Model uncertainties are mainly associated with the LCA emissions of fuel/energy feedstock and carbon capture. Because the LCA item is actually beyond the responsibilities of the IMO and the shipping sector, most of the parameters are null in the LCA guidelines and are under discussion. At present, using the LCA emissions of fuel/energy reported by relevant organizations is likely the best option to avoid uncertainties, as well as double counting, which is also in line with the strategy of the IMO Fuel GHG standard (GFS) (in development). In addition, ship energy efficiency data from the IMO Data Collection System (IMO DCS, since 2019) for fuel oil consumption favor a comprehensive assessment of the practical efficiencies of newly adopted regulations [9,28,29] and further reduce model uncertainties.



This study strove to provide an exact interpretation of the target of the 2023 IMO GHG Strategy and reveal the ‘real’ technical requirements in line with the IMO principles and sector practices. To this end, the target in the 2023 IMO GHG Strategy was specified in emission scenarios from the Fourth IMO GHG Study 2020. A concise, technical, pathway-predicting model was established by combining the efficiency improvement (EIIMO) of short-term measures predicted by the IMO with measures that will still work after the implementation of the 2023 IMO GHG Strategy, including onshore power (OP) usage, carbon intensity indicator (CII) rating promotion, and LCA zero-emission fuel application. Parameterizations referred to information from the fuel sectors and the 2020 IMO DCS data for sensible purposes. The results might be meaningful to policy and strategy makers in the shipping sector.




2. Data and Methods


2.1. IMO Ambitions and Indicative Checkpoints


The IMO ambitions and indicative checkpoints in the 2023 IMO GHG Strategy are summarized in Table 1, where emission intensity is defined as the emission per transport work. The targets in the emission amounts are specified in the form of emission intensity, and they were used as references in decarbonization pathway assessments.




2.2. Scenarios


According to the Fourth IMO GHG Study 2020, emissions from shipping may represent between ~90% and ~130% of 2008 emissions by 2050, assuming that the shipping sector is in the business-as-usual (BAU) scenarios. The definition of BAU is that no new shipping regulations are adopted that impact emissions or energy efficiency. This shows how shipping emissions will develop if other sectors follow a certain economic and climate pathway and shipping does not. In the context of this study, analysis proceeded on the basis of the data in the 90% and 130% scenarios, as summarized in Table 2 and Table 3, including efficiency improvements (EIIMO) compared to 2018 and CO2 emissions (eCO2) and changes compared to 2008 (%e2008).



The projection measures were introduced in the Fourth IMO GHG Study 2020. In brief, the projections were based on GDP and population projections from the Shared Socio-Economic Pathways (SSPs) developed by the Intergovernmental Panel on Climate Change (IPCC). SSP2 (in the 130% scenario) and SSP4 (in the 90% scenario) represented middle and unequal/divided global development paths, respectively. The SSPs were combined with representative concentration pathways (RCPs, also developed by the IPCC) for integral assessment. In the 90% and 130% scenarios, RCP2.6 represented very low GHG emissions in line with the goal of keeping the global mean temperature increase below 2 °C.



The logistic model (L, in the 130% scenario) and the gravity model (G, in the 90% scenario) were employed to project transport work. The difference between the two measures indicated the uncertainty inherent in making projections about future developments. The logistic model assumed that transport work was related to the world’s total GDP. It accurately described the past for different cargo types and captured the specificities of the global transport of different commodities. Because it was based on global data, it did not capture the peculiarities of countries’ bilateral trade flows.



By contrast, the gravity model analysis presumed that transport work was a function of the per capita GDPs and populations of the trading countries and used econometric techniques to estimate the elasticity of transport work with respect to its drivers based on panel data of bilateral trade flows. It used data on the volume of bilateral trade flows for a five-year period (2014–2018) and estimated the share of maritime transport in those trade flows to generate mode-specific trade volume data. It used panel data techniques to determine the elasticities of trade and accurately described how GDP and population variations impacted sea trade, capturing the idiosyncrasies of each trade flow.



The projected eCO2 values in Table 2 and Table 3 are integrations of TW and EIIMO. EIIMO was projected as a result of changes in fleet composition (e.g., the replacement of smaller ships with larger ships, with higher demand growth for containers than for dry bulk ships and tankers), regulatory efficiency improvements (e.g., the replacement of pre-EEDI ships with EEDI Phase 1, 2, and 3 ships), and market-driven efficiency improvements. Scenarios with higher transport growth had a larger share of new ships in the fleet, which resulted in greater efficiency improvements.



As such, in this study, the total efficiency improvement was projected by combining the EIIMO predicted by the IMO in 2020 with the subsequent improvements derived from pathways such as the application of onshore power, operational CII rating regulations [30,31,32,33], and low-/zero-carbon fuels.




2.3. Ship Fuel Consumption Data


To investigate the current situation of global shipping energy efficiency and the decarbonization potential of actions, 2020 annual global ship fuel combustion data from the IMO DCS [34] were employed for analysis. All reports of international ships in 2020 with specified voyages were collected from the IMO DCS, and over 100,000 data were obtained. Crucial information included the ship type, deadweight tonnes, gross tonnes (GTs), sailing distance, fuel consumption, onshore power consumption, etc. Before analysis, the IMO DCS data were processed to rule out input errors by ship staff and, thus, the calculated values of the total fuel combustion in this study might be lower than those reported elsewhere. Accordingly, the IMO DCS data were only applied in regularity analysis, such as for the portions of onshore power consumption, fuel consumption by type, and operational CII ratings.



CO2 emissions were determined using the fuel consumption and TtW transfer coefficients presented in the IMO documents [35]. Other greenhouse gases such as CH4 and N2O were not counted due to a lack of emission information.




2.4. Model


In the scope of the entire shipping sector, the carbon intensity reduction potential was calculated by integrating the improvements of various measures. We made the following assumptions: (1) EIIMO predicted on the basis of the technical level until 2018 (see Section 2.2) could represent the integral decarbonization potential of short-term measures. (2) Subsequent measures including onshore power usage (OP), CII rating promotion (ProCII), and LCA zero-emission fuel and/or energy application (F) could make improvements simultaneously with the short-term measures and, thus, the decarbonization potential of the short-term and subsequent measures could be integrated. (3) A ship could choose OP, ProCII, LCA zero-emission fuel, or all of the measures to reduce its emissions. Thus, their decarbonization potential could be summed. In particular, ProCII could be achieved using all other measures, and probable double counting was solved using time-specific parameterizations (see principle d in Section 2.5).



Consequently, the total decarbonization potential of emission intensity (Zt, %) could be expressed using Equation (1):


Zt = 1 − (1 − EIIMO,t) × [(1 − ZOP,t − ZProCII,t − ZF,t) × (1 − Z2020)]



(1)




where the subscript t represents a calendar year. The square brackets emphasize that ZOP,t, ZProCII,t, and ZF,t use Z2020, rather than Z2018, as a reference. This setting was reasonable considering that a series of regulations entered into force no earlier than 2023 and limited action on onshore power usage. CII promotion and fuel alteration were not performed before 2020. Equation (1) shows that these 3 measures do not exclude each other and can improve carbon intensity individually beyond EIIMO. It should be specified that, in practice, ships promote their CII rating mainly via biodiesel usage due to the limit-promoting potential of measures included in EIIMO; thus, ZProCII,t and Zbiodiesel,t could be parameterized by the time node, as interpreted in Section 2.5.



The strategy for categorizing decarbonization measures was temporal (before or after the Fourth IMO GHG Study 2020) rather than methodological (technical, operational, alternative fuel, or economical). EIIMO presented the increases in efficiency derived from the measures practiced before the Fourth IMO GHG Study 2020, as summarized in Section 2.2.



In detail, ZOP was estimated using the OP penetration rate (ηOP,t) and the decarbonization rate (αOP,t), as expressed in Equation (2). αOP,t was set as 100% considering that carbon emissions from electricity are assigned to the national budgets of coastal countries rather than the international maritime sector and, thus, ZOP,t was equalized to ηOP,t.


ZOP,t = ηOP,t × αOP,t



(2)







ZProCII,t was determined on the basis of the gap between the actual emissions of ships assigned rates D and E (eD&E,t) and the supposed emissions if promoted to rate C (eC,t). This was compared to the total emissions of the maritime sector (etotal), as expressed in Equation (3).


ZProCII,t = ∑(eD&E,t − eC,t)/etotal



(3)







The CII rating methods and boundaries were quoted from the IMO operational CII guidelines [30,31,32,33], which regulate the CII calculation methods, reference lines, reduction factors, and rating processes. As the CII guidelines entered into force in 2023, the CII rating promotion of the existing ships was considered. In this study, this was accomplished in the period of 2024–2030. To represent the ‘existing ship’ emissions, etotal referred to the total emissions in 2020.



ZF was estimated using the zero-emission fuel penetration rate (ηi,j,t) and the fuel decarbonization rate (αi,j,t), as expressed in Equation (4):


    Z   F , t   =   ∑  i      ∑  j     (    η   i , j , t   ×   α   i , j , t   )      



(4)




where i and j represent the fuel type and grade, respectively. Five types of alternative fuel including LNG, biodiesel, methanol, ammonia, and hydrogen were considered in the model. The fuel grades were set in accordance with the individual fuel sectors.



As expressed in Equation (5), the decarbonization rate of an individual fuel (αi) could be determined in the form of the carbon intensity (CIi, gCO2/MJ), using CILFO as a reference.


αi = (1 − CIi/CILFO)



(5)







In the calculations in this study, the consumption of pilot and blend fuels was taken into account in the forms of LFO/HFO and, thus, αi represents the decarbonization potential of each alternative fuel/energy, regardless of the style of the propulsion system (internal combustion engine or fuel cell).



CIi could be determined using the lower calorific value (LCV, kJ/kg) and the conversion factor between fuel consumption and CO2 emissions (CF, t-CO2/t-Fuel), as expressed in Equation (6).


CIi = CF,i/LCVi × 106



(6)








2.5. Parameterization


When estimating ZOP, the upper limit of ηOP,t (equalized to ZOP) was set as 12%, in accordance with the maximum share of practical energy consumption by an auxiliary engine.



The ZProCII calculations were regulated by the IMO CII guidelines until 2026, with a yearly reduction factor of 2% from the rating baseline. For the years of 2027 to 2030, the reduction factors were set in accordance with the existing settings for 2024–2026 in this study.



As for ZF, considering that the IMO LCA guidelines could determine the settings of the LCA emission factors until 2030, the parameterization in Equation (6) was in the TtW and WtW stages, respectively, before/during and after 2030. Before and during 2030, CF,i and LCVi were set in accordance with the TtW values set out in the IMO document [35], as listed in Table 4, where the values of CIi and αi (calculated via Equation (6)) are also listed.



After 2030, α was estimated hierarchically in the WtW stage. The IMO excludes non-sustainable fuels from the candidate alternative fuel group, even if they are noncarbon fuels. Consequently, ships are supposed to use sustainable/renewable alternative fuels. Table 5 summarizes the information related to possible sustainable fuels from the fuel and shipping sectors.



For LNG, methanol, and ammonia, e- and bio-fuels are deemed to be sustainable. e-fuels refer to fuels obtained using renewable CO2 and H2, as well as renewable energy. Bio-fuels refer to fuels produced from potential sustainable biomass feedstocks, including organic waste and by-products of industrial, agricultural, and municipal activities [36].



With regard to biodiesel, the IMO adopted a regulation to limit CI below 33 gCO2-eq/MJ. Moreover, the feedstock should be sustainable. As such, biodiesel originating from recycled materials such as used cooking oil (UCO) best meets the IMO’s specifications. According to an investigation by the International Council on Clean Transportation (ICCT), the CI of UCO biodiesel can be as low as 15 gCO2-eq/MJ [38].



Low-emission hydrogen refers to products from water and renewable electricity (known as electrolysis), from fossil fuels with minimal CO2 emissions (using carbon capture, utilization, and storage (CCUS)), and from bioenergy (e.g., via biomass gasification). The CI of low-emission hydrogen was estimated to be ~8 gCO2-eq/MJ in a production pathway using natural gas with CCUS with a 90% capture rate and renewable electricity [44].



Moreover, there were some principles, as listed below, for adjusting ZOP, ZProCII, ηi,j,t, and αi,j,t to make Zt meet the IMO’s decarbonization goals.



Principle a: the scenario with lower transport growth (90% scenario) had slower onshore power penetration, CII rating promotion, and e-fuel penetration and faster biodiesel penetration, which resulted in moderate efficiency improvements.



Principle b: the scenario with higher transport growth (130% scenario) had faster onshore power penetration, CII rating promotion, and alternative fuel penetration, which resulted in rapid efficiency improvements.



Principle c: to achieve the decarbonization goals in the 2023 IMO GHG Strategy, the penetration of alternative fuels could be set beyond the mean decarbonization levels of the fuels. This setting was reasonable considering that ship owners and captains have motivation to select sustainable alternative fuels registered in the IMO regulations. A similar situation was observed during the desulfurization of the shipping sector.



Principle d: before/during 2030, practical CII rating promotion was mainly achieved using biodiesel, and ZProCII could be set based on the analysis of the IMO DCS data, while the penetration of biodiesel could be set as 0. After 2030, all measures could promote the CII rating simultaneously and ZProCII could be set as 0 to avoid double counting.





3. Results and Discussions


3.1. Specification of IMO Decarbonization Goals


In this study, the CI requirements were used as a reference for the decarbonization pathway. Temporal CI reduction requirements were transformed from the reduction ambitions for the emission amount (Table 1) by combining them with the scenario-based projected eCO2 (Table 2 and Table 3). As shown in Figure 1, to achieve the IMO decarbonization goals for the emission amount (20–30%) in 2030, the reduction rates of CI needed to be as high as 51.5–57.7% and 57.0–62.5% in the 90% and 130% scenarios, respectively, which was much higher than the IMO-recommended value of 40%. With respect to the situation in 2040, the required CI reduction rates needed to be between 83.5% and 89.0% and between 87.0% and 91.5% in the 90% and 130% scenarios, respectively. Moreover, as the reduction goals for the emission amount were settled, the higher development rate in the 130% scenario resulted in a greater CI reduction requirement compared to the 90% scenario.




3.2. Results of IMO DCS Data Analysis


Based on the 2020 IMO DCS data, the total reported CO2 emissions of international shipping were determined to be 8.47 × 109 tonnes in 2020, representing a total fuel consumption of ~2.72 × 108 tonnes HFO-eq. This statistic was low compared to the result predicted by the IMO (1.02–1.03 × 109 tonnes, Table 2 and Table 3), which could be attributed to ruling out unregular data, as mentioned in Section 2.3. The portions of individual fuel/energy consumption (FC%) were also determined, and they are listed in Table 6, showing that HFO and LFO were still the dominant marine fuels. The usage of onshore power was very limited globally, which was consistent with the observations in the literature [17,45] and implied considerable decarbonization potential. These portions were used as references when setting the fuel/energy penetration in the decarbonization pathway.



According to the 2020 IMO DCS data, 6.01% and 6.09% of the CO2 emissions would be reduced if all ships with D and E classes were promoted to the C class in the years 2025 and 2030, respectively. These results were used as the upper limit of ZProCII.




3.3. Technical Requirements


The technical requirements were determined by adjusting the decarbonization potentials of individual measures to make Z fall in the scope of the decarbonization goals in the form of the CI specified in Section 3.1. The setups of the decarbonization pathway are illustrated in Figure 2. The results show that the application of sustainable alternative fuels was the most crucial way to achieve the decarbonization goals. Nevertheless, zero emissions are hardly likely to be achieved until 2050 due to the unavailability of net-zero-emission fuels (Table 5).



In 2030, ZOP and ZProCII were set as 5.0% and 6.09% (Table 7 and Table 8), respectively, in both scenarios. ZOP was set at less than the medium value of the maximum reduction potential (12%), considering that the growth of onshore power might be at a moderate speed due to the absence of a related IMO regulation before 2030. After 2030, ZOP could grow continuously with the scenario’s development. By contrast, ZProCII was set as the upper limit value in 2030 due to the execution of IMO operational CII rating regulations since 2023.



With regard to ZF, it had to be 11.8% and 21.16%, respectively, to meet the decarbonization goals in the 90% and 130% scenarios by 2030. By 2040, ZF had to be 62.7% and 68.7%, respectively, in the 90% and 130% scenarios. ZF was required to grow rapidly in the 2030s, accounting for 50.9% and 47.5% in the 90% and 130% scenarios, respectively, which indicated an urgent need for the shipping sector to switch to renewable zero-emission fuels in this time period. These results are generally in accordance with a recent prediction in the literature [46]. The gap in the required ZF between the 90% and 130% scenarios is much greater in 2030 and 2035 compared to 2040 and later, which indicates that higher transport growth will likely result in a larger share of renewable fuels in the 2030s. By 2050, ZF is required to achieve ~95% in both scenarios.



To achieve the required ZF, the alternative fuel penetrations were set as shown in Figure 3. The total penetration (ηtotal) values needed to be 15.0% and 26.0% in 2030 to achieve the decarbonization goals in the 90% and 130% scenarios, respectively. These requirements were both far beyond the expected value in the 2023 IMO GHG Strategy (i.e., 5–10%, Table 1). By 2040, the ηtotal values were required to be 76.0% and 82.0% in the 90% and 130% scenarios, respectively.



It is projected that ~40 million GTs of new ships will be delivered annually [47], accounting for ~2.5% of the global fleet (~1600 million GTs) [48]. At this level, provided that all new ships are powered by alternative fuels, alternative-fuel ships will account for ~20% and ~45% of the global fleet by 2030 and 2040, respectively. These shares are close to the required ηtotal values, especially in 2040, indicating that the shipping sector is likely under pressure to promote the use of alternative-fuel ships.



Furthermore, high proportions of e-fuels were required (Figure 4 and Figure 5), especially after 2035. In the 130% scenario, the e-fuel requirements were as high as 50% and 75%, respectively, in 2030 and 2040. By 2050, the proportion had to be 95% for e-methanol (eMeOH) and e-ammonia (eNH3). Even in the 90% scenario, the proportion of e-methanol and e-ammonia needed to reach 60% and 85%, respectively, by 2040 and 2050. These proportions were much higher than the predicted development of e-fuel supplies [49], indicating a higher fuel price for the shipping sector compared to the average social level.



Compared to research before the Fourth IMO GHG Study 2020, the requirements to achieve the IMO decarbonization goals were more stressful in this study. In this period, the parameterizations of the technical and operational measures were set as over 40% in 2035 or later [16,50], regardless of the limits of speed reduction, payload utilization, and technical improvements to existing ships. Moreover, the inherent growth of international shipping has been ignored in the literature, which has likely resulted in a huge underestimation of the requirements. In fact, the decarbonization requirements were much higher than the recommended ‘40% in intensity’, as specified in Figure 1.




3.4. Weight Analysis of Methods


The weights of the various measures were analyzed, referring to the results of a sensitivity analysis via Monte Carlo simulation using Oracle Crystal Ball (version 11.1.3.0.0) software, as shown in Figure 6. In the short and medium terms (2030), when the share of the sustainable fuels was minor, pathways including fleet composition, regulatory efficiency improvements, market-driven efficiency improvements, and onshore power usage were important, judging from the high variance contributions of EIIMO and ZOP.



Combining Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6, it can be observed that the sensitivities of the parameters were positively correlated with their valuations. ηBD, ηLNG, and αBD were quite sensitive due to their high penetrations, especially before 2040, which reflected that the usages of biodiesel and LNG had important roles in achieving the decarbonization goals. By contrast, methanol and ammonia were less important due to their lower penetrations. These settings were reasonable considering that the global fleet cannot eliminate all its ships powered by conventional fuels, even if all new ships use alternative fuels (i.e., methanol and ammonia). In reality, new building orders in 2023 are still dominated by ships that use conventional fuels, accounting for 55% (GT%) of all orders. In orders for alternative-fuel ships, the largest share is attributed to LNG dual-fuel ships, which account for 25% (GT%) [51]. In addition, the contribution of hydrogen is minor due to its immaturity in safe usage, storage, and conversion onboard [52], while the importance of hydrogen may be reflected by its usage as the precursor of e-fuels.





4. Conclusions


This study is the first quantitative interpretation of the target in the 2023 IMO GHG Strategy. The integral decarbonization of short-term measures suggested by the IMO, annual IMO DCS data, and the LCA decarbonization potential of alternative fuels were applied for the first time in the predictions.



The decarbonization goals for emission intensity are actually 51.5–62.5% in the IMO GHG reduction scenarios. This means that a deviated prediction will be made if the ‘apparent’ IMO-recommended value of 40% is set as the target. On the basis of the rational assessment of the decarbonization potentials of measures by the IMO and the energy sector, the intense technical requirements behind the IMO’s ambitions were revealed. Combined with the continuous application of short-term measures, onshore power and regulations will be required to contribute their maximum potential no later than 2030. Even so, considerable penetration (15.0–26.0%) of alternative fuels will be required in 2030 to achieve the decarbonization goals in the 90% and 130% scenarios, respectively, and both values are far beyond the expected value in the 2023 IMO GHG Strategy (i.e., 5–10%). High proportions of e-fuels will be required, especially after 2035, reaching as high as 85–95% for e-methanol and e-ammonia by 2050. Sustainable grades of biodiesel and LNG will also be necessary choices for the decarbonization of the shipping sector. The role of hydrogen in the shipping sector might be as the precursor of e-fuels.



Overestimations of individual measures and their integral decarbonization potentials, as well as favorable fuel suggestions, were avoided in this study in order to make sensible predictions in accordance with the strategy principles. Thus, the technical requirements represent a fair and just transition pathway to achieve the target of the 2023 IMO GHG Strategy. Although the proposed decarbonization pathway might not be the only option for the shipping sector, the findings of this study highlight the stressful technical requirements behind the 2023 IMO GHG Strategy and the importance of taking appropriate actions.



As all the technical requirements were at or beyond the upper limits of the technical decarbonization potential and the average social level, decarbonization in the shipping sector will occur at a higher cost compared to the social average. Therefore, economic factors will be necessary to affect the implementation of the strategy. A framework of economic measures was proposed in the 2023 IMO GHG Strategy to offset the decarbonization cost, and further techno-economic assessments will be necessary in future studies. In addition, the emissions of methane and nitrous oxide were not included in this study due to a lack of relevant information. The model will be improved once these data are ready, in accordance with the IMO LCA guidelines.
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	BAU
	Business-as-usual



	BD
	Biodiesel



	CCUS
	Carbon capture utilization and storage



	CF
	Fuel consumption



	CI
	Carbon intensity



	CII
	Carbon intensity indicator



	DCS
	Data collection system



	eCO2
	Emission of CO2



	EEDI
	Energy efficiency design index



	EFs
	Emission factors



	EIIMO
	Efficiency improvements



	eMeOH
	e-methanol



	eNH3
	e-ammonia



	GHG
	Greenhouse gas



	GT
	Gross tonne



	HFO
	Heavy fuel oil



	ICCT
	International Council on Clean Transportation



	IMO
	International Maritime Organization



	IPCC
	Intergovernmental Panel on Climate Change



	LCA
	Life cycle assessment



	LFO
	Light fuel oil



	LNG
	Liquified natural gas



	MARPOL
	Maritime Agreement Regarding Oil Pollution



	MEPC
	Maritime Environment Protection Committee



	OP
	Onshore power



	ProCII
	CII rating promotion



	RCPs
	Representative concentration pathways



	TtW
	Tank-to-wake



	UOC
	Used cooking oil



	WtW
	Well-to-wake







References


	



IMO. 2023 IMO Strategy on Reduction of GHG Emissions from Ships; IMO: Chiba, Japan, 2023; p. 17. [Google Scholar]

	



IMO. Initial IMO Strategy on Reduction of GHG Emissions from Ships; IMO: Chiba, Japan, 2018; p. 13. [Google Scholar]

	



IMO. 2022 Guidelines on Operational Carbon Intensity Indicators and the Calculation Methods (CII Guidelines, G1); IMO: Chiba, Japan, 2022; p. 67. [Google Scholar]

	



Mogilevsky, I. Shipping Decarbonization through Sea Route Optimization & Vortex Generator Resistance Reduction; Massachusetts Institute of Technology: Cambridge, MA, USA, 2022. [Google Scholar]

	



Schwarzkopf, D.A.; Petrik, R.; Hahn, J.; Ntziachristos, L.; Matthias, V.; Quante, M. Future Ship Emission Scenarios with a Focus on Ammonia Fuel. Atmosphere 2023, 14, 879. [Google Scholar] [CrossRef]

	



Yusuf, A.A.; Inambao, F.L.; Ampah, J.D. Evaluation of Biodiesel on Speciated PM2.5, Organic Compound, Ultrafine Particle and Gaseous Emissions from a Low-Speed EPA Tier II Marine Diesel Engine Coupled with DPF, DEP and SCR Filter at Various Loads. Energy 2022, 239, 121837. [Google Scholar] [CrossRef]

	



Szelangiewicz, T.; Abramowski, T.; Żelazny, K.; Sugalski, K. Reduction of Resistance, Fuel Consumption and GHG Emission of a Small Fishing Vessel by Adding a Bulbous Bow. Energies 2021, 14, 1837. [Google Scholar] [CrossRef]

	



Kim, Y.-R.; Steen, S. Potential Energy Savings of Air Lubrication Technology on Merchant Ships. Int. J. Nav. Archit. Ocean Eng. 2023, 15, 100530. [Google Scholar] [CrossRef]

	



Kanberoğlu, B.; Kökkülünk, G. Assessment of CO2 Emissions for a Bulk Carrier Fleet. J. Clean. Prod. 2021, 283, 124590. [Google Scholar] [CrossRef]

	



Hong, S.H.; Kim, D.M.; Kim, S.J. Power Control Strategy Optimization to Improve Energy Efficiency of the Hybrid Electric Propulsion Ship. IEEE Access 2024, 12, 22534–22545. [Google Scholar] [CrossRef]

	



Venturini, G.; Iris, Ç.; Kontovas, C.A.; Larsen, A. The Multi-Port Berth Allocation Problem with Speed Optimization and Emission Considerations. Transp. Res. Part D Transp. Environ. 2017, 54, 142–159. [Google Scholar] [CrossRef]

	



Wang, H.; Lang, X.; Mao, W. Voyage Optimization Combining Genetic Algorithm and Dynamic Programming for Fuel/Emissions Reduction. Transp. Res. Part D Transp. Environ. 2021, 90, 102670. [Google Scholar] [CrossRef]

	



Zaccone, R.; Ottaviani, E.; Figari, M.; Altosole, M. Ship Voyage Optimization for Safe and Energy-Efficient Navigation: A Dynamic Programming Approach. Ocean Eng. 2018, 153, 215–224. [Google Scholar] [CrossRef]

	



Fernandes, J.A.; Santos, L.; Vance, T.; Fileman, T.; Smith, D.; Bishop, J.D.D.; Viard, F.; Queirós, A.M.; Merino, G.; Buisman, E.; et al. Costs and Benefits to European Shipping of Ballast-Water and Hull-Fouling Treatment: Impacts of Native and Non-Indigenous Species. Mar. Policy 2016, 64, 148–155. [Google Scholar] [CrossRef]

	



IMO. Fourth IMO GHG Study 2020; IMO: Chiba, Japan, 2021; p. 524. [Google Scholar]

	



Balcombe, P.; Brierley, J.; Lewis, C.; Skatvedt, L.; Speirs, J.; Hawkes, A.; Staffell, I. How to Decarbonise International Shipping: Options for Fuels, Technologies and Policies. Energy Convers. Manag. 2019, 182, 72–88. [Google Scholar] [CrossRef]

	



Bouman, E.A.; Lindstad, E.; Rialland, A.I.; Strømman, A.H. State-of-the-Art Technologies, Measures, and Potential for Reducing GHG Emissions from Shipping—A Review. Transp. Res. Part D Transp. Environ. 2017, 52, 408–421. [Google Scholar] [CrossRef]

	



Carlisle, D.P.; Feetham, P.M.; Wright, M.J.; Teagle, D.A.H. Public Response to Decarbonisation through Alternative Shipping Fuels. Environ. Dev. Sustain. 2023. [Google Scholar] [CrossRef]

	



Elçiçek, H. Bibliometric Analysis on Hydrogen and Ammonia: A Comparative Evaluation for Achieving IMO’s Decarbonization Targets. Int. J. Environ. Sci. Technol. 2024. [Google Scholar] [CrossRef]

	



Liu, H.; Ampah, J.D.; Zhao, Y.; Sun, X.; Xu, L.; Jiang, X.; Wang, S. A Perspective on the Overarching Role of Hydrogen, Ammonia, and Methanol Carbon-Neutral Fuels towards Net Zero Emission in the Next Three Decades. Energies 2022, 16, 280. [Google Scholar] [CrossRef]

	



Strantzali, E.; Livanos, G.A.; Aravossis, K. A Comprehensive Multicriteria Evaluation Approach for Alternative Marine Fuels. Energies 2023, 16, 7498. [Google Scholar] [CrossRef]

	



Ampah, J.D.; Yusuf, A.A.; Afrane, S.; Jin, C.; Liu, H. Reviewing Two Decades of Cleaner Alternative Marine Fuels: Towards IMO’s Decarbonization of the Maritime Transport Sector. J. Clean. Prod. 2021, 320, 128871. [Google Scholar] [CrossRef]

	



Shi, J.; Zhu, Y.; Feng, Y.; Yang, J.; Xia, C. A Prompt Decarbonization Pathway for Shipping: Green Hydrogen, Ammonia, and Methanol Production and Utilization in Marine Engines. Atmosphere 2023, 14, 584. [Google Scholar] [CrossRef]

	



Mallouppas, G.; Yfantis, E.A. Decarbonization in Shipping Industry: A Review of Research, Technology Development, and Innovation Proposals. J. Mar. Sci. Eng. 2021, 9, 415. [Google Scholar] [CrossRef]

	



Al-Enazi, A.; Okonkwo, E.C.; Bicer, Y.; Al-Ansari, T. A Review of Cleaner Alternative Fuels for Maritime Transportation. Energy Rep. 2021, 7, 1962–1985. [Google Scholar] [CrossRef]

	



Connolly, D.; Mathiesen, B.V.; Ridjan, I. A Comparison between Renewable Transport Fuels That Can Supplement or Replace Biofuels in a 100% Renewable Energy System. Energy 2014, 73, 110–125. [Google Scholar] [CrossRef]

	



Moshiul, A.M.; Mohammad, R.; Hira, F.A. Alternative Fuel Selection Framework toward Decarbonizing Maritime Deep-Sea Shipping. Sustainability 2023, 15, 5571. [Google Scholar] [CrossRef]

	



Kuroda, M.; Sugimoto, Y. Evaluation of Ship Performance in Terms of Shipping Route and Weather Condition. Ocean Eng. 2022, 254, 111335. [Google Scholar] [CrossRef]

	



Adamowicz, M. Decarbonisation of Maritime Transport—European Union Measures as an Inspiration for Global Solutions? Mar. Policy 2022, 145, 105085. [Google Scholar] [CrossRef]

	



IMO. 2022 Interim Guidelines on Correction Factors and Voyage Adjustments for CII Calculations (CII Guidelines, G5); IMO: Chiba, Japan, 2022; p. 14. [Google Scholar]

	



IMO. 2022 Guidelines on the Reference Lines for Use with Operational Carbon Intensity Indicators (CII Reference Lines Guidelines, G2); IMO: Chiba, Japan, 2022; p. 4. [Google Scholar]

	



IMO. 2021 Guidelines on the Operational Carbon Intensity Reduction Factors Relative To Reference Lines; IMO: Chiba, Japan, 2021; p. 6. [Google Scholar]

	



IMO. 2022 Guidelines on the Operational Carbon Intensity Rating of Ships (CII Rating Guidelines, G4); IMO: Chiba, Japan, 2022; p. 6. [Google Scholar]

	



IMO. GISIS. Available online: https://gisis.imo.org/Members/FUEL/ShipsList.aspx (accessed on 8 September 2017).

	



IMO. 2022 Guidelines on the Method of Calculation of the Attained Energy Efficiency Design Index (EEDI) for New Ships; IMO: Chiba, Japan, 2022; p. 38. [Google Scholar]

	



Sangsoo, H. Life Cycle GHG Emission Study on the Use of LNG as Marine Fuel; Hinkstep: Stuttgart, Germany, 2019. [Google Scholar]

	



Carlos, M.; Jason, D. Marine Methanol Future-Proof Shipping Fuel; Methanol Institute: Washington, DC, USA, 2023; p. 61. [Google Scholar]

	



Zhou, Y.; Pavlenko, N.; Rutherford, D.; Osipova, L.; Comer, B. The Potential of Liquid Biofuels in Reducing Ship Emissions; The International Council on Clean Transportation: Washington, DC, USA, 2020. [Google Scholar]

	



IRENA. A Pathway to Decarbonise the Shipping Sector by 2050; International Renewable Energy Agency: Abu Dhabi, United Arab Emirates, 2021; ISBN 978-92-9260-330-4. [Google Scholar]

	



IRENA; Methanol Institute. Innovation Outlook: Renewable Methanol; International Renewable Energy Agency: Abu Dhabi, United Arab Emirates, 2021; ISBN 978-92-9260-320-5. [Google Scholar]

	



IRENA; AEA. Innovation Outlook: Renewable Ammonia; International Renewable Energy Agency: Abu Dhabi, United Arab Emirates, 2022; ISBN 978-92-9260-423-3. [Google Scholar]

	



Carlo, H.; Mark, B. Carbon Footprint of Methanol; Methanol Institute: Washington, DC, USA, 2022. [Google Scholar]

	



Kistner, L.; Bensmann, A.; Minke, C.; Hanke-Rauschenbach, R. Comprehensive Techno-Economic Assessment of Power Technologies and Synthetic Fuels under Discussion for Ship Applications. Renew. Sustain. Energy Rev. 2023, 183, 113459. [Google Scholar] [CrossRef]

	



António, C. Hydrogen Patents for a Clean Energy Future; European Patent Office: Munich, Germany, 2023; p. 70. [Google Scholar]

	



Bullock, S.; Hoolohan, C.; Larkin, A. Accelerating Shipping Decarbonisation: A Case Study on UK Shore Power. Heliyon 2023, 9, e17475. [Google Scholar] [CrossRef] [PubMed]

	



Bullock, S.; Mason, J.; Larkin, A. Are the IMO’s New Targets for International Shipping Compatible with the Paris Climate Agreement? Clim. Policy 2023, 1–6. [Google Scholar] [CrossRef]

	



Gordon, S. 2023: Shipbuilding Review. Available online: https://www.clarksons.com/home/news-and-insights/2024/2023-shipping-market-review/ (accessed on 24 January 2022).

	



Gordon, S. League of Nations: Who’s at the Top? Available online: https://www.clarksons.net.cn/sin/News/article/195881 (accessed on 10 September 2019).

	



Grzelakowski, A.S.; Herdzik, J.; Skiba, S. Maritime Shipping Decarbonization: Roadmap to Meet Zero-Emission Target in Shipping as a Link in the Global Supply Chains. Energies 2022, 15, 6150. [Google Scholar] [CrossRef]

	



Halim, R.; Kirstein, L.; Merk, O.; Martinez, L. Decarbonization Pathways for International Maritime Transport: A Model-Based Policy Impact Assessment. Sustainability 2018, 10, 2243. [Google Scholar] [CrossRef]

	



Gordon, S. Green Technology Tracker: 45% of all Newbuild Orders Placed in 2023 Alternative Fuel Capable; Clarksons Research: London, UK, 2023. [Google Scholar]

	



Hoang, A.T.; Pandey, A.; Martinez De Osés, F.J.; Chen, W.-H.; Said, Z.; Ng, K.H.; Ağbulut, Ü.; Tarełko, W.; Ölçer, A.I.; Nguyen, X.P. Technological Solutions for Boosting Hydrogen Role in Decarbonization Strategies and Net-Zero Goals of World Shipping: Challenges and Perspectives. Renew. Sustain. Energy Rev. 2023, 188, 113790. [Google Scholar] [CrossRef]








[image: Sustainability 16 02766 g001a][image: Sustainability 16 02766 g001b] 





Figure 1. Temporal reduction requirements for emission intensity and amount. 
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Figure 2. Requirements of carbon intensity of various methods in decarbonization pathway. 
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Figure 3. Requirements for alternative fuel penetration. 
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Figure 4. Requirements for fuel grade composition in 90% scenario. 
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Figure 5. Requirements for fuel grade composition in 130% scenario. 






Figure 5. Requirements for fuel grade composition in 130% scenario.



[image: Sustainability 16 02766 g005]







[image: Sustainability 16 02766 g006] 





Figure 6. Results of sensitivity analysis of the decarbonization model. 
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Table 1. IMO decarbonization ambitions and indicative checkpoints.
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	Year
	Intensity
	Amount
	Zero- or Near-Zero-Emission Technologies and Fuels/Energy





	2008
	baseline
	baseline
	n.r.



	2030
	by ≥40%
	by 20–30%
	by 5–10%



	2040
	n.r.
	by 70–80%
	n.r.



	~2050
	n.r.
	net zero
	net zero







n.r., not regulated.













 





Table 2. Projections in 90% scenario (SSP4_RCP2.6_G) [5].
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	Year
	TW (Billion Tonne·Miles)
	EIIMO (%)
	eCO2 (1010 Tonne)
	%e2008





	2008
	44,503
	Baseline
	1.110
	Baseline



	2018
	59,230
	0.0
	0.999
	90.0



	2020
	62,331
	5.0
	1.022
	92.1



	2025
	68,305
	9.0
	1.047
	94.3



	2030
	72,744
	12.0
	1.036
	93.3



	2035
	76,570
	14.0
	1.032
	93.0



	2040
	79,750
	14.0
	1.028
	92.6



	2045
	82,162
	14.0
	1.037
	93.4



	2050
	84,157
	15.0
	1.040
	93.7










 





Table 3. Projections in 130% scenario (SSP2_RCP2.6_L) [5].






Table 3. Projections in 130% scenario (SSP2_RCP2.6_L) [5].





	Year
	TW (Billion Tonne·Miles)
	EIIMO (%)
	eCO2 (1010 Tonne)
	%e2008





	2008
	44,503
	-
	1.110
	-



	2018
	59,230
	0.0
	0.999
	90.0



	2020
	62,518
	1.0
	1.026
	92.4



	2025
	71,707
	5.0
	1.095
	98.6



	2030
	82,460
	10.0
	1.154
	104.0



	2035
	91,448
	13.0
	1.209
	108.9



	2040
	101,604
	15.0
	1.295
	116.7



	2045
	109,958
	16.0
	1.367
	123.2



	2050
	119,429
	17.0
	1.456
	131.2










 





Table 4. TtW parameterizations of fuels.
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	Type of Fuel
	LCV (kJ/kg)
	CF (t-CO2/t-Fuel)
	CI (gCO2-eq/MJ)
	α (%)





	LFO
	41,200
	3.151
	76.5
	baseline



	HFO
	40,200
	3.114
	77.5
	-



	LNG
	48,000
	2.75
	57.3
	25.1%



	Methanol
	19,900
	1.375
	69.1
	9.66%



	Ammonia
	18,600
	0
	0
	100%



	Hydrogen
	120,000
	0
	0
	100%










 





Table 5. WtW parameterizations of fuels.
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	CI (gCO2-eq/MJ) a
	α (%) b
	References





	LFO
	92
	baseline
	thinkstep AG [36]



	HFO
	90
	2.17%
	thinkstep AG [36]



	e-LNG
	18
	80.43%
	thinkstep AG [36]



	bio-LNG
	36
	60.87%
	IRENA [37]



	UCO-biodiesel
	15
	83.70%
	ICCT [38] and adopted by IRENA [39]



	e-methanol
	3 c
	96.74%
	IRENA [37]



	bio-methanol
	9
	90.22%
	Carlo Hamelinck [37] and adopted by IRENA [37,40]



	e-ammonia
	19 c
	79.35%
	IRENA [41]



	bio-ammonia
	38
	58.70%
	IRENA [41]



	hydrogen
	8 c
	90.98%
	IEA [42]







a CI values were summarized from the references in the column on the right. b α values were calculated via Equation (5). c Data were comparable to those in the literature [43].













 





Table 6. Portion of fuel/energy consumption.
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	FC%





	LFO
	39.1%



	HFO
	60.6%



	LNG
	0.30%



	Biodiesel
	0.03%



	Methanol
	0.02%



	Ammonia
	<0.01%



	Hydrogen
	<0.01%



	Onshore power
	<0.01%










 





Table 7. Parameterizations in decarbonization pathway in 90% scenario.
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	EIIMO
	ZOP
	ZProCII
	ZF
	Z





	2008
	null
	null
	null
	null
	null



	2018
	null
	null
	null
	null
	32.38%



	2020
	5.0%
	0.5%
	0%
	0.00%
	34.26%



	2025
	9.0%
	1.5%
	3.01%
	0.26%
	43.03%



	2030
	12.0%
	5.0%
	6.09%
	11.78%
	55.38%



	2035
	14.0%
	7.0%
	null a
	32.51%
	65.80%



	2040
	14.0%
	9.0%
	null a
	62.69%
	84.00%



	2045
	14.0%
	10.0%
	null a
	73.79%
	90.84%



	2050
	15.0%
	12.0%
	null a
	80.51%
	95.82%







a Refer to parameterization ‘principle d’ in Section 2.5.













 





Table 8. Parameterizations in decarbonization pathway in 130% scenario.
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	EIIMO
	ZOP
	ZProCII
	ZF
	Z





	2008
	null
	null
	null
	null
	null



	2018
	null
	null
	null
	null
	32.38%



	2020
	1.00%
	1.0%
	0.00%
	0.00%
	34.31%



	2025
	5.00%
	3.0%
	6.01%
	0.55%
	43.56%



	2030
	10.0%
	6.0%
	6.09%
	21.16%
	60.54%



	2035
	13.0%
	10%
	null a
	47.19%
	75.54%



	2040
	15.0%
	10%
	null a
	68.65%
	88.08%



	2045
	16.0%
	10%
	null a
	77.37%
	93.03%



	2050
	17.0%
	12%
	null a
	78.08%
	94.59%







a Refer to parameterization ‘principle d’ in Section 2.5.
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