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Abstract

:

The global increase in shipping activity has contributed to the degradation of air quality, which particularly affects traffic-dense port areas. Due to the environmental and public health impacts of air quality in port cities, a number of inventories using varying methodologies have been conducted over the past two decades to manage gas emissions in specific areas. The objective of this work is to determine one relevant methodology for estimating ship emissions in ports through a systematic review of the relevant literature. In this research, PRISMA guidelines were followed through a multi-layer bottom-up analysis approach to ensure the validity of the proposed methodology. The aforementioned methodology, as the end result of this research, is intended to provide an empirically structured basis for further development of a novel indexing model of ship gas emissions in port areas.
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1. Introduction


Shipping is the most efficient transportation mode in terms of energy usage per tonne of cargo, covering more than 80% of global trade by volume [1,2,3]. Although maritime transportation is still the least environmentally damaging mode of transport, it is responsible for about 2.2%, 15% and 5 to 8% of global anthropogenic carbon dioxide (CO2), nitrogen oxide (NOx) and sulphur oxide (SOx) levels, respectively [4,5]. In addition to the mentioned gases, ships emit large quantities of particulate matter (PM), volatile organic compounds (VOCs) and carbon monoxide (CO). Despite the fact that maritime emissions have worldwide impact, some studies have indicated that about 70% of emissions from ships occur within 400 km of the coast, since most ships spend most of the time either harbored or near a coast [6]. While CO2 is recognised as the leading greenhouse gas responsible for global climate change, the presence of PM, VOCs, CO, NOx and SOx in urbanised port areas requires even more attention due to the negative effects of these pollutants on human health [5]. Pollutants emitted from ships can be responsible for respiratory diseases, cardiovascular disease, lung cancer and even premature death, so it is necessary to monitor them and mitigate their presence in port communities [7,8]. The severity of air quality degradation is all the more serious when taking into account the fact that 90% of European ports are spatially connected to cities [9].



Mitigation of vessel gas emissions on a global scale was addressed by the International Maritime Organisation (IMO) in 1997 when Annex 6 “Prevention of Air Pollution from Ships” of the MARPOL convention was introduced [10]. The main changes that MARPOL Annex 6 brought in were a global progressive reduction in SOx, NOx and PM emissions and the introduction of emission control areas (ECAs) [10]. Over the years, MARPOL Annex 6 has been revised and from January 2020, or January 2025, depending on the availability of low sulphur for ships’ use, the global limit for sulphur content of ships’ fuel is reduced from 3.5 mass by mass percent (% m/m) to 0.5% m/m, while in ECAs the content is pushed down to 0.1% m/m [10]. Requirements for NOx emissions were defined using a three-tier methodology, where different levels (Tiers) of control apply, based on ship construction date [11]. The less strict Tier 1 applies to vessels constructed on or after 1 January 2000, Tier 2 to vessels constructed on or after 1 January 2011, while the most demanding Tier 3 regulates NOx emissions from vessels built after January 2016 that operate in the North American and United States Caribbean Sea, the Baltic Sea or the North Sea ECAs.



The issue of air quality inside the European Union (EU) port sector was first recognised in 2004 by the European Sea Ports Organisation (ESPO), while in 2013 it became a top environmental priority and has remained so to this day [9]. Due to the influence of air quality on the environment and public health of port cities, a number of different inventory studies have been conducted throughout the last two decades in order to manage gas emissions in particular interregional, national or local areas. For inventory development, two different approaches that are most commonly applied are the top-down approach and the bottom-up approach.



A top-down approach can be described as a fuel-based (FB) method, where fuel sales statistics are used to estimate the total mass of the fleet fuel consumption (FC) inside a specific area of interest in a certain time period. That information is then combined with the emission factor (EF), which denotes the mass of emitted pollutants per metric tonne (t) of fuel consumed in order to finally obtain the total mass of emitted pollutants (E), which is represented in Equation (1) [12]:


E = FC × EF



(1)







The main advantage of this fuel-based (FB) concept is that it is not data-excessive. This means that data that only generally describe a particular fleet and its FC and EF can be used. Thus, this approach is recommended for situations where only limited traffic data are available [12]. However, applying generic data that are associated with a level of uncertainty can produce outputs that differ from realistic emissions. The corresponding EFs are highly aggregated, with averaged values, and do not take into account the specific conditions that lead to instantaneous emission production in any given circumstance [13]. Moreover, it has been proven that there is a significant discrepancy between banker fuel sales statistics and the actual fuel used by global fleets, so it cannot accurately reflect emissions in response to specific shipping activities [13,14]. This is especially relevant for small interest areas such as ports, where fuel sales data have lower accuracy. Therefore, the top-down approach is most commonly used in large-scale inventories where it is more practical to gain insight into shipping emissions by acquiring less detailed data based on FC.



When detailed information about a ship’s movement dynamics and its technical data (TD) are available, then the bottom-up approach is recommended. This method is characterised as activity-based and data-demanding, since it requires a higher level of input parameters for each movement activity (MA); however, it is able to produce near instantaneous emission estimation on a vessel-by-vessel basis at high resolution (in time and space) [12,13]. In a bottom-up approach, emission estimations are obtained for each movement type by combining engine energy output (EO) or FC with EF and time (T) values that correspond to specific activities (e.g., hoteling, manoeuvring and navigation) [15,16]. To figure out the total shipping emissions in a certain area and time period, all estimated quantities of each activity are combined and scaled up over all trips [12]. In the bottom-up approach, both energy-based (EB) and FB methods can be applied. These methods are shown in the EB Equations (2) and (3), along with the FB Equation (4) [12,16]. When gas quantification is conducted by relying on an EB approach, EO is determined by multiplying total engine power (P) by the actual percentage of engine work output, expressed as load factor (LF). In this case, EF is defined as the mass of pollutants emitted per an engine’s energy output:


E = EO × EF × T



(2)






EO = P × LF



(3)






E = FC × LF × EF × T



(4)







Since the bottom-up approach is data-excessive, it is generally applied in small-scale ship emissions inventories in regional and port contexts, and to aggregate the required data the Automatic Identification System (AIS) is often used. AIS transmits near real-time dynamic information about vessel speed, course and position, which is crucial for anticipation of ship-based emissions. Therefore, high-resolution ship motion data from AIS could be a source of reliable relative ship operation profiles, such as travel time and average speed between waypoints at sea in short time intervals, and could be used to identify ship routes [12]. Although the installation of AIS is required by the International Maritime Organisation (IMO) on commercial ships with 300 gross tonnage (GT) and all passenger ships, relying solely on information from this device, a proportion of marine traffic remains invisible [17]. To improve data quality, more than one source of traffic information should be considered in gas emission inventory development. However, regardless of data quality, the method by which it is used is of equal importance.



That is why, in this paper, a multi-layered analysis approach is applied with the aim of finding the most applicable methodology for the estimation of gas emissions from ships in port areas. The methodology, as the end result of this research, should provide an empirically structured basis for the further development of novel ship-sourced gas emissions indexing models in port areas. To ensure the adequate standard of the whole review process, Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines were followed in this paper [18]. Regarding the search strategy method employed, a bottom-up systematic review of the literature that explored port-related shipping emissions was conducted by applying relevant keyword and reference thread analyses in the Web of Science Core Collection, Scopus and Google Scholar databases. Search and screening of the selected papers was carried out by the authors.




2. Review Methodology


At the very beginning of the review process of the literature in which shipping emissions in ports were explored, it was possible to notice that various methodologies and data were applied, but with frequent similarities and mutual reference connections. Furthermore, it was recognised that the approaches and datasets used were mainly obtained from other studies. Therefore, in order to find a valid port-related ship emissions estimation methodology, a systematic review of the relevant literature needed to be carried out. That is why PRISMA guidelines were followed in this paper according to the proposed bottom-up multi-layered analysis approach presented in Figure 1.



The review process began with keyword thread search of literature in the Web of Science Core Collection, Scopus and Google Scholar databases, using combinations of terms that included: port, ship, emissions, inventory, gas, pollution, quantification, method. After record screening, selected reports went through the analysis process, wherein references to the methods and datasets obtained from different sources were collected. These reference strings were used in the second review, expanding the search to websites of relevant organizations whose studies were cited. By applying both keyword and reference literature identification approaches, metrologies and data used in selected papers could finally be connected with the original sources, so that after completing the second screening it was finally possible to produce a full overview of the selected literature with the original sources of methods and datasets applied in them, thus finishing the first layer of the overall analysis. The complete review and analysis process is displayed in Figure 2 and a detailed explanation is provided below.



The overview of the selected papers and their references were examined in the second layer, with the aim of determining the most influential methods and datasets through the quantification of their original sources. To ensure the relevance of reference quantification, the mutual citing connections between all sources used in the selected papers were first analysed with the aim of duplicate exclusion. This resulted in defining multiple sources that used the same methods and/or key data as an individual source. By performing mutual-referencing analysis, the exact number of different methodologies and key datasets cited were determined. Thus, the most influential sources could be defined and thoroughly examined.



A review of the most prominent studies was performed in the third layer of the process through an analysis based on the methodologies and datasets used in the selected literature. The analysis aimed to define the advantages and similarities of the most frequently applied approaches and datasets from the examined studies. This validation process enabled the determination of all vital components necessary for quantifying gas emissions from ships in ports.



Finally, validated components determined through the multi-layer bottom-up process were analysed and combined inside the methodology best fitted for calculating ship emissions in different port areas. The methodology proposed through the review process applied in this paper should ensure relevancy as the basis for the development of a novel ship-based gas emissions indexing model.




3. Discussion and Results


3.1. Analytical Overview of the Literature—First Layer


By conducting a systematic review of the literature according to PRISMA 2020 guidelines, 32 original papers that explored shipping emissions in 80 ports between 2008 and 2021 were selected for further analysis. With the aim of providing a transparent overview of the literature, Table 1 lists the abbreviations of the aforementioned studies and papers, while their reference numbers are listed at the end of the paper. The analytical overview of records was conducted by examining, comparing and linking applied methods and databases with studies and papers, which were the original refence sources, as summarised in Table 2.



The analytical overview process allowed for the following conclusions to be drawn. Primarily, it was found that the authors of all papers relied on bottom-up methodologies, since they explored port-related emissions with good data coverage. An additional top-down approach was applied only for two records in order to make an output value comparison. Therefore, the EB method was predominant since it was used in 26 papers. By contrast, the FB approach was applied for only three publications, and for the same number of papers a combination of both methods was used. Datasets applied for calculating emissions were obtained both locally and from studies. Locally sourced datasets that were derived from Local Port Authorities (LPAs), Local Port Communities (LPCs), National Maritime Organisations (NMOs), AIS, Vessel Traffic Services (VTSs), traffic density data (TDD) or from studies offered information about marine traffic through TD on the ships and their MA. LF and EF data, as more complex components in the gas emissions determination process that depends on specific information about vessels and their activity, were either taken from studies as predefined default values or were estimated on a methodological basis from the same sources.



The data on the amount and type of emissions in all examined papers were analysed but were not comparable even for the same ports. This was due to several factors. First, the different papers used different methods and datasets for the emission calculations, so comparing the gas volume values would not describe the relationship between the measurements in a relevant way. Even if the same method was applied in the same interest area, all factors and datasets used for the calculations had to be identical to obtain comparable emission results. The most obvious examples of the mentioned discrepancies in factors are variations in gas types, ship types or shipping distances. However, in order to provide a valid systematic verification of the calculated emission data, regardless of the method and datasets used, it was necessary to establish a standardisation system for the main ship sources. Since no scalable solution was found in the selected work that would provide a basis for comparative data analysis, only the emission prediction methods and datasets were examined.



Finally, it was discovered that most methodologies and/or data segments used in the mentioned papers, were outsourced from the 5 papers and 28 large-scale gas emissions studies developed by, or for, national and interregional organizations responsible for air pollution monitoring and management. However, to specify which sources where predominantly used, and thereby expose the most convenient databases and methods, duplicate exclusion and quantification methods had to be performed in the next step.




3.2. Duplicate Exclusion and Quantification of Sources—Second Layer


The aim of this phase was to determine the most relevant methods and datasets for ship emissions estimation in ports through the quantification of sources used in the overviewed literature. During the overview, however, it was discovered that some reference records dating from different years had been declared as different sources, despite having the same methodological and data background. That is why, preliminarily to quantification, a reference exclusion based on method and dataset comparison was applied. In this procedure, all sources that were developed by or for the same organisations and explored similar interest areas, were considered for a cross-reference check of methodology and dataset aspects that corresponded with the overview in the first step. In the analysis processes, it was noticed that selected sources did employ the same methodologies for calculating emissions and determining data, though data values varied somewhat. That is why the methodological exclusion and quantification of reference sources is presented in Table 3, while the data were subjected to further analysis in order to find similarities relevant to exclusion based on datasets.



In the analysis process, it was found that the noted data discrepancies between the reports that had the same research background was primarily relevant for MA and TD about marine traffic, which consequently affected LF and EF values. The main reason for the mentioned value diversity was the changes in fleet characteristics that happened over the time when the research was conducted. As a result of these changes, reports that had the same research background but different data values were considered as the same source, since the latest version was the most relevant for referencing. Therefore, Table 4 presents an overview of the reports whose data were most often applied in selected papers.



After the exclusion of reports based on methodological and dataset duplication, the quantity of diverse reports decreased significantly. The number of reports used as method references was reduced from 20 to 10, while 16 different sources of datasets were acknowledged from the original 27 sources. In addition, all selected reports were recognised as studies, with the exception of three papers. Finally, quantification of the studies and papers used as references in the reviewed literature provided insight into the most commonly used methods and datasets. So, by combining the citation frequency from each report, the most relevant papers and studies are exposed and presented in Figure 3.




3.3. Analysis of the Most Commonly Applied Methodologies and Datasets—Third Layer


By quantifying the reports used as methodological and data references in papers dealing with the estimation of ship emissions in ports, the seven most relevant studies stood out. The objective of this step was to examine the methods and data developed in these studies in order to determine the methodological and informational segments relevant to emission estimation. An overview and analysis of the equations, along with their methodological background and key data for determining emissions quantity, are presented throughout this examination process. However, since the methodologies and datasets may have changed over the years, the latest available and most actual editions of the commonly referenced studies were analysed.



3.3.1. ENTEC and NAEI Research


The primary objective of the ENTEC 10 research established by the Department for Environment, Food and Rural Affairs (Defra) was to develop a detailed ship emissions dataset that could be used to inform United Kingdom (UK) policies targeting shipping emissions [31]. Although this inventory was based on information about ship movements from 2007, it is a continuation of the ENTEC 02, ENTEC 05 and ENTEC 07 studies. The approach is consistent with the methodology for quantifying ship emissions in the EEA 09 and relies on information that largely dictates the emissions from a vessel: installed engine power, type of fuel consumed, vessel speed and distance travelled (or time spent travelling at sea), time spent in port and installed emission-abatement technology [31]. Although the methodology follows the EEA 09 guidelines, equations, types of vessels and EFs are different, so this research was analysed separately. Activity data on vessel movement and port entries was provided by the Lloyd’s Marine Intelligence Unit (L MIU) which used AIS data for movements that were not recorded in the port arrivals statics. In addition, the aforementioned information was compared with the Department for Transport’s (DfT) data in order to corroborate them. Static data that largely dictate emission volumes, such as vessel characteristics (type and service speeds) and main engine (ME) and auxiliary engine (AE) characteristics (type, speed and fuel type) were gathered from the L MIU database. Although this study has a UK focus, the generic values of key elements for quantifying emissions can be applied in different research areas since L MIU compiles one of the largest datasets containing vessel information. Although this research treats of three different movement activities, the equation for at-sea activity is separated from the equation for port emissions that is related to hoteling and manoeuvring activities. Equation (5), presented below, is applicable for determining port emissions [31].


E = T × [(ME × LFME)) × EF + (AE × LFAE)) × EF



(5)




where:




	
E: Emissions per vessel—in grams (g);



	
T: Average time spent at berth/manoeuvring per calling—in hours (h);



	
ME: Installed main engine power—in kilowatts (kW);



	
LFME: Average load factor of main engine at berth/manoeuvring—as a percentage of ME power (%);



	
AE: Installed auxiliary engine power—in kilowatts (kW);



	
LFAE: Average load factor of main engine at berth/manoeuvring—as a percentage of ME power (%);



	
EF: Emission factors assigned to each vessel for at berth/manoeuvring depending on each fuel type and engine speed—in grams per kilowatt hour (g/kWh).








ENTEC 10 was the last research provided by Entec ltd. that explored shipping emissions for Defra, relevant to the UK waters [31]. That is why it should be emphasised that in the latest UK National Atmospheric Emissions Inventory (NAEI) conducted for Defra, EEA methodology was followed with differences in applied data [78,79].




3.3.2. US EPA Research


The purpose of US EPA 20 was to provide guidance for the development of a mobile source port-related air pollution emissions inventory within a designated area in a given time period. This document supersedes the previous April 2009 document US EPA 09 [80]. For the ocean-going vessel (OGV) sector, a bottom-up EB emission estimation methodology was presented, according to which both AIS and traffic statistics data could be applied using Equation (6). According to this document, the information necessary for emission calculations includes engine characteristics (that describe engine power, type, age, speed and category), ship speed, position and course. From the mentioned data, EF and LF can be obtained. In this publication, five different movement activities have been recognised (Transit, Manoeuvring, Restricted Speed Zone, Hotelling, Anchorage) and defined by LF. To obtain the value of LF, the propeller law is used. In the end, when actual activity is recognised, the predefined low load adjustment factors (LLAFs) can be applied [80].


E = P × A × EF × LLAF



(6)




where:




	
E: Emissions per vessel by mode—in grams (g);



	
P: Engine operating power—in kilowatts (kW);



	
A: Engine operating activity—in hours (h);



	
EF: Emission factors of different pollutants in regard to engine group, engine type, fuel type, keel laid—in grams per kilowatt hour (g/kWh);



	
LLAF: Low load adjustment factor, a unitless factor that reflects increasing propulsion emissions during low load operations—always 1 for auxiliary engines and boilers.









3.3.3. POLA and POLB Research


The Port of Los Angeles’ (Port or POLA) annual activity-based emissions inventories serve as the primary tool for tracking the Port’s efforts to reduce air emissions from maritime industry-related sources. This study was prepared in coordination with the Port of Long Beach (POLB) and the following air regulatory agencies: the U.S. Environmental Protection Agency, Region 9 (US EPA), California Air Resources Board (CARB) and the South Coast Air Quality Management District (South Coast AQMD) [81]. The methodology for estimating emissions was taken from the San Pedro Bay Ports Emissions Inventory Methodology Report, in which the EB approach was applied to every movement activity of OGVs within the harbour district for 40 nautical miles (NMs) [81,82]. The aforementioned methodological background is summarised in Equation (7). The traffic data for the emission estimation is provided through AIS and various statistical reports. The Energy component is determined by combining LF with the time spent in a particular activity mode [82]. Emission sources for all vessel categories include ME (propulsion), AE (generators) and auxiliary boilers (ABs). LF defaults are provided for AE and ABs for all movements (Transit, Manoeuvring, At Berth, Shift, At Anchorage), while ME load is estimated through propeller law [81,82]. In addition, average values of vessel characteristics relevant to emission estimation are introduced. The mentioned data correspond to the OGV traffic in the port area.


Ei = Energyi × EF × FCF × CF



(7)




where:




	
Ei: Emissions by mode—in grams (g);



	
Energyi: Energy demand by mode as the energy output of the engine(s) or boiler(s) over the period of time—in grams per kilowatt hour (g/kWh);



	
EF: Emission factor depends on engine type, IMO tier and fuel used—in grams per kilowatt hour (g/kWh);



	
FCF: Fuel correction factors are used to adjust from a base fuel associated with the EF and the fuel being used—dimensionless;



	
CF: Control factor(s) for emission reduction technologies—dimensionless.









3.3.4. SMED—IVL Research


The methods for calculating emissions in Swedish emissions reporting have been developed in two reports (SMED 04 a, b), in which emission factors have been developed that can be used to calculate emissions together with statistics on fuel sales for domestic and international transport [83]. However, in recent years, the Swedish Environmental Research Institute (IVL) has developed a novel emission calculation model for ships in ports. With this model, it is possible to calculate the emissions of carbon dioxide, nitrogen oxides, particulate matter and sulphur dioxide, as well as the fuel consumption of ships during port calls [84]. Taking into account the evolution of engine and fuel characteristics from 2004, SMED 20 introduced effective emission factors that can be used for emissions reporting [83]. According to this new method, LFs are estimated by the propeller law, and by applying AIS data along with statistical information from ports it is possible to calculate ship emissions with greater accuracy. The aforementioned IVL calculation model for emissions from ships in port areas is constructed around Equation (8) [83,84]:


E = EF × t × P



(8)




where:




	
E: Resulting emissions—in grams (g);



	
EF: Emission factors that can depend on, e.g., engine age, type of engine, fuel used and exhaust gas aftertreatment—in grams per kilowatt hour (g/kWh);



	
t: Time in an operational mode—in hours (h);



	
P: Power needed in an operational mode—in kilowatts (kW).








The power requirements are most often calculated as the product of installed engine power and an engine load factor—an assumed value. Many generic values are used, and by comparing results with alternative datasets for input on ships’ speeds, power requirements, etc., inaccuracies can be removed and rectified [84].




3.3.5. EEA Research


General guidance for the control of ship emissions in the EU has been provided by the European Environment Agency (EEA) through the EEE 20 Guidebook, Section 1. A.3.d. [85]. The key function of the EEA 20 Guidebook is to offer estimation methods and emission factors for developing inventories at various levels of sophistication that are transparent, consistent, complete and comparable [85]. Guidelines of different complexities for calculating ship-sourced gas emissions are incorporated in its three-tier system. The less data-demanding Tier 1 and Tier 2 approaches use fuel sales as the primary activity indicator and assume average vessel emission characteristics to calculate emissions estimates. The Tier 3 methodology is based on ship movement information for individual ships and requires detailed ship motion activity data, as well as technical information about ships [16]. The practical aspect of the Tier 1 and Tier 2 approaches is that they require less detailed data and are better suited for quantifying gas emissions at the national level, while the Tier 3 activity-based level can provide detailed site-specific results. For this reason, the Tier 3 methodology, applicable to port areas, is conceptualised in FB Equation (9) and EB Equation (10) [16].


ETrip,i,j,m = ∑p (FCj,m,p × EFi,j,m,p)



(9)






ETrip,i,j,m = ∑p [Tp ∑e(Pe × LFe × EFi,j,m,p)



(10)




where:




	
ETrip: Emission over a complete trip—in metric tonnes (t);



	
FC: Fuel consumption—in metric tonnes (t);



	
EF: Emission factors of different pollutants in regard to engine category, engine type, fuel type, activity mode—in kilograms per ton of fuel (g/t) or grams per kilowatt hour (g/kWh);



	
i: Pollutant;



	
m: Fuel type;



	
j: Engine type;



	
p: The different phase of trip (activity);



	
LF: Average load factor of engine at berth/manoeuvring—as a percentage of engine power (%);



	
P: Engine nominal power—in kilowatts (kW);



	
T: Average time spent in phase of trip (activity)—in hours (h);



	
e: Engine category.










3.4. Comparative Analysis of Key Components and Proposition of Relevant Methodology for Estimation of Ship Emissions in Ports—Fourth Layer


After reviewing the selected studies, it was concluded that the general methodologies for estimating ship emissions in ports are based on a combination of data about ship engines, fuel consumed and movements, along with their effects on engine performance and EFs based on energy consumption. Depending on their complexity, all of the aforementioned factors contain several key components that, by interacting with each other, largely determine the amount of gas emissions from the ship. The key components, that is, the data that define them, can be considered static and dynamic. The static data on particulars of the ships and their engines describe components for emission calculations, such as engine power (EP), engine function, engine type and fuel type. It can therefore be said that TD can be described as static while MA can be considered dynamic data. Ship MA is categorised by the operational mode of the ship’s propulsion system and defined by dynamic information on the percentage of ME and AE working load expressed as LF. Since different activities do not have the same impacts on emissions, it is equally important to consider the time spent in each operational mode. Finally, as the central and most complex segment of the emissions quantification process, EF depends on both static data about engine function, engine type and fuel type and dynamic information about the characteristics of the ship’s activities. Throughout the analysis of the studies, it was also found that mainly a combination of maritime traffic statistics from local or national maritime organisations and AIS information was used in data collection. Given this, traffic information can be compared and validated, resulting in more accurate emissions values estimates.



By combining all the analysed key data and methodological factors used in selected studies, a proposition of a relevant methodology for the estimation of ship emissions in ports can be introduced. To begin with emissions estimation, data acquisition should be carried out by combining multiple sources of marine traffic information. With the widespread use of AIS, better coverage of both static and dynamic information about ships and their movements is available. Therefore, a bottom-up EB approach is proposed. However, in order to validate AIS information and to get an overview of vessels that are not required to have an AIS onboard, statistical information representing the TD of the traffic inside the interest area should be applied. As can be seen in Figure 4, all key factors in emissions estimation are classified by colour and linked inside a methodology and data diagram for port-related calculation of emissions on a ship-by-ship basis. Within the diagram, grey colouring marks the static TD on the ship and its engines; blue indicates the combination of static and dynamic data for estimating LF through the propeller law and thereby determining a ship’s MA; the colour yellow represents more complex datasets defined by TD and classified through methodological aspects relevant to traffic inside the research interest area; finally, orange indicates the key elements for calculating ship emissions as an output value, which is marked in red. The interactions of all key segments outlined in this research are presented in Equation (11) for estimating ship emissions in ports.


E = (PME × LF × EFME + PAE × LF × EFAE) × T × CF



(11)




where:




	
E: Emissions quantity by mode for each ship call—in grams (g);



	
PME/AE: Total power of main engines/auxiliary engines—in grams per kilowatt hour (g/kWh);



	
LF: Load factor expressed as actual engine work output—as a percentage of engine power (%);



	
EF: Emission factors of different pollutants in regard to engine function, engine type, fuel type, installation year—in grams per kilowatt hour (g/kWh);



	
T: Time spent in a certain movement activity—in hours (h);



	
CF: Control factor for emission reduction technologies—constant.










4. Conclusions


The main goal of this review paper was to determine the most applicable methodology and datasets for quantification of port-related ship emissions through the presented bottom-up multi-layer analysis approach. The goal of the first layer was to provide an analytical overview of methodologies and datasets used in port-related ship emissions studies through a bottom-up PRISMA approach. After that, the methodological background of each selected scientific paper was thoroughly examined and connected to the original source of used methods. The methodological sources identified through the analysis were aggregated and quantified in the second layer to obtain the most commonly used methods in the relevant research. In the third layer, the methodologies and data of the most commonly used studies were examined and compared. By means of this, in the last layer, a proposal for the most applicable shipping emission quantification methodology for port areas was produced and explained through all key factors.



However, regardless of an approach used in examined studies, a scalable solution that would allow extensive insight into the main shipping sources of pollution was not introduced. The development of a unique standardisation system would not only enable better communication and integration with the wider port city community but could also serve as a basis for better predication and mitigation of ship-sourced emissions at a local and national level. Therefore, a method generated through the multi-layered analysis approach presented here will be used as the first step in future research into the development of a ship-sourced gas emission indexing model for port areas.
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Figure 1. Bottom-up multi-layered analysis approach. 
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Figure 2. PRISMA 2020 analysis flow diagram for new systematic reviews which included searches of databases, registers and other sources [19] * According to the PRISMA glossary of terms, a study is defined as a larger scientific document that might have multiple reports, while a report is a document that supplies information about a particular study, such as a journal article, a conference abstract, a preprint, etc. [18]. That is why, in this research, the term “study” stands for large emission inventories that were mostly used as reference sources for methodologies and data. Accordingly, “report” is defined as a scientific paper of the sort reviewed in this research. ** Records that were identified were from the Web of Science Core Collection, Scopus and Google Scholar databases. *** Since no automation tool was used, all exclusions of literature were carried out by the authors of this paper. 
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Figure 3. Citation quantity overview of methodologies and datasets originated from the papers and studies that explored ship emissions estimation. 
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Figure 4. Proposal of methodological and data key factors for port-related calculation of emissions on a ship-by-ship basis. 
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Table 1. Abbreviations of cited studies and papers with their reference numbers.
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	Abbreviation
	Reference Number
	Abbreviation
	Reference Number
	Abbreviation
	Reference Number





	CAPSS/PAQman©
	[20]
	CARB 06
	[21]
	CARB 07
	[22]



	FEMA 09
	[23]
	EEA 09
	[24]
	EEA 13
	[25]



	EEA 16
	[26]
	EEA 19
	[16]
	EEM 10
	[27]



	ENTEC 02
	[28]
	ENTEC 05
	[29]
	ENTEC 07
	[30]



	ENTEC 10
	[31]
	IMO GHG 09
	[32]
	IMO GHG 14
	[33]



	SMED 04
	[34]
	IVL 05
	[35]
	L R 95
	[36]



	MAN
	[37]
	MEET 98
	[38]
	NEI 10
	[39]



	POLA 04
	[40]
	POLA 08
	[41]
	POLA 09
	[42]



	POLA 12
	[43]
	POLA 13
	[44]
	POLB 10
	[45]



	SEA
	[13]
	STEAM
	[46]
	US EPA 06
	[47]



	US EPA 09
	[48]
	PIRAEUS 09
	[49]
	SAMSUN 10-15
	[50]
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Table 2. Analytical overview of the literature that explores port-related ship emission sources.
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Record Data

	
Methodological

Base and Reference

	
Data Method and/or

Default Reference Abbreviation




	
No.

	
Paper

	
Port

	
Year

	
Method Base

	
Approach

	
Method Reference Abbreviation

	
MA and TD of Trafficgram

	
EF

	
LF






	
1

	
[51]

	
Mumbai

	
2008

	
EB

	
Bottom-up

	
MEET 98

	
LPA

	
US EPA 06/MEET 98

	
US EPA 06/POLA 04




	
2

	
[49]

	
Piraeus

	
2009

	
EB

	
Bottom-up

	
ENTEC 07/US EPA 06

	
LPA

	
ENTEC 02/ENTEC 07

	
PIRAEUS 09




	
3

	
[52]

	
Ambarlı

	
2009

	
FB

	
Bottom-up

	
MEET 98

	
LPA

	
MEET 98

	
MEET 98




	
4

	
[53]

	
Busan

	
2010

	
EB

	
Bottom-up

	
CARB 06

	
LPA

	
ENTEC 02/SMED 04

	
ENTEC 02/CARB 06




	
5

	
[54]

	
10 terminals—Turkey

	
2010

	
EB

	
Bottom-up

	
ENTEC 05

	
LPA/EEA 06

	
ENTEC 05

	
ENTEC 05




	
6

	
[55]

	
Barcelona

	
2011

	
EB

	
Bottom-up

	
US EPA 09

	
LPA/LPC

	
US EPA 09

	
US EPA 09




	
7

	
[56]

	
Kaohsiung

	
2012

	
EB

	
Bottom-up

	
ENTEC 07/US EPA 06

	
LPA

	
ENTEC 05/ENTEC 07

	
POLA 08




	
8

	
[57]

	
Hong Kong

	
2012

	
EB

	
Bottom-up

	
US EPA 06

	
AIS/LPA

	
US EPA 06/ENTEC 02/L R 95

	
US EPA 06




	
9

	
[58]

	
Shanghai

	
2013

	
EB

	
Bottom-up

	
ENTEC 02/SMED 04/POLB 10/IMO GHG 09

	
AIS/LPA

	
POLB 10/ENTEC 02/CARB 07/SMED 04

	
POLB 10




	
10

	
[59]

	
Izmir

	
2013

	
EB

	
Bottom-up

	
ENTEC 05

	
LPA

	
ENTEC 05

	
ENTEC 05




	
11

	
[60]

	
Incheon

	
2013

	
FB

	
Bottom-up

	
US EPA 06

	
LPA

	
POLA 08

	
POLA 08




	
12

	
[61]

	
Bergen

	
2013

	
FB

	
Bottom-up

	
US EPA 06/EEM 10

	
LPA

	
NEI 10

	
FEMA 09




	
13

	
[62]

	
Hong Kong

	
2013

	
EB

	
Bottom-up

	
US EPA 09

	
AIS/LPA/L MIU

	
US EPA 09/POLA 09

	
US EPA 09/POLA 09




	
14

	
[63]

	
14 ports—Spain

	
2014

	
EB

	
Bottom-up

	
EEA 09

	
LPA/ENTEC 05

	
ENTEC 05

	
ENTEC 02




	
15

	
[64]

	
Busan

	
2014

	
EB

	
Bottom-up

	
CARB 06/ENTEC 02

	
L MIU

	
ENTEC 02/ENTEC 05/ENTEC 07/SMED 04

	
ENTEC 02/CARB 06




	
16

	
[65]

	
3 ports—Taiwan

	
2014

	
EB

	
Bottom-up

	
ENTEC 05

	
NMO

	
US EPA 09/ENTEC 02

	
POLA 04/US EPA 06/US EPA 06




	
17

	
[66]

	
Las Palmas

	
2015

	
EB

	
Bottom-up

	
STEAM

	
AIS/LPA

	
STEAM

	
STEAM




	
18

	
[67]

	
Dubrovnik and Kotor

	
2015

	
EB

	
Bottom-up

	
US EPA 06/US EPA 09/ENTEC 07

	
LPA

	
US EPA 09

	
PIRAEUS 09




	
19

	
[68]

	
34 ports—Australia

	
2015

	
FB/EB

	
Top-down/bottom-up

	
ENTEC 02/SMED 04/POLA 12

	
AIS/LPA

	
ENTEC 02/SMED 04/IVL 05/POLA 12

	
US EPA 09




	
20

	
[69]

	
Tianjin

	
2016

	
EB

	
Bottom-up

	
ENTEC 02/SMED 04/POLB 10/POLA 12/POLA 13

	
AIS/LPA

	
SMED 04/US EPA 09/ENTEC 02

	
POLB 10




	
21

	
[70]

	
18 ports—Greece

	
2016

	
EB

	
Bottom-up

	
ENTEC 07

	
AIS/LPA

	
ENTEC 07

	
PIRAEUS 09




	
22

	
[5]

	
4 ports—Portugal

	
2017

	
EB

	
Bottom-up

	
EEA 16

	
L MIU

	
EEA 16/ENTEC 02/US EPA 09/SMED 04

	
ENTEC 02




	
23

	
[71]

	
Zadar

	
2018

	
EB

	
Bottom-up

	
EEM 10

	
LPA/ENTEC 02

	
ENTEC 10

	
ENTEC 02/US EPA 06




	
24

	
[50]

	
Samsun

	
2018

	
EB

	
Bottom-up

	
ENTEC 05

	
LPA

	
ENTEC 05

	
SAMSUN 10–15




	
25

	
[72]

	
Incheon

	
2019

	
FB/EB

	
Top-down/bottom-up

	
CAPSS/PAQman©

	
AIS/LPA

	
EEA 13/US EPA 09/ENTEC 02

	
US EPA 09




	
26

	
[73]

	
Split

	
2020

	
EB

	
Bottom-up

	
EEA 19

	
LPA/LPC/ENTEC 02

	
ENTEC 10

	
ENTEC 02




	
27

	
[74]

	
Split

	
2020

	
EB

	
Bottom-up

	
EEA 19

	
LPA/ENTEC 02

	
US EPA 09/EEM 10

	
US EPA 09




	
28

	
[75]

	
Šibenik

	
2020

	
EB

	
Bottom-up

	
ENTEC 10

	
LPA

	
ENTEC 10

	
ENTEC 02/US EPA 09




	
29

	
[76]

	
Incheon

	
2020

	
EB

	
Bottom-up

	
US EPA 09/EEA 19

	
VTS

	
ENTEC 02/SMED 04/US EPA 09

	
US EPA 09




	
30

	
[12]

	
Incheon

	
2021

	
EB

	
Bottom-up

	
US EPA 09/EEA 19

	
VTS

	
ENTEC 02/SMED 04/US EPA 09

	
US EPA 09




	
31

	
[77]

	
Kotor

	
2021

	
EB

	
Bottom-up

	
EEA 16

	
LPA

	
US EPA 09/EEM 10

	
US EPA 06/POLA 04




	
32

	
[13]

	
Trieste

	
2021

	
FB/EB

	
Top-down/bottom-up

	
SEA

	
TDD

	
IMO GHG 14

	
MAN











[image: Table] 





Table 3. Exclusion and application quantity of references based on methodology.
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No. of Reports

	
Report

	
Report Type

	
No. of Reports after Exclusion

	
Application Quantity






	
1

	
CAPSS/PAQman©

	
Study

	
1

	
1




	
2

	
EEA 09

	
Study

	
2

	
9




	
3

	
EEA 16

	
Study




	
4

	
EEA 19

	
Study




	
5

	
EEM 10

	
Study




	
6

	
ENTEC 02

	
Study

	
3

	
13




	
7

	
ENTEC 05

	
Study




	
8

	
ENTEC 07

	
Study




	
9

	
ENTEC 10

	
Study




	
10

	
IMO GHG 09

	
Study

	
4

	
1




	
11

	
SMED 04

	
Study

	
5

	
3




	
12

	
MEET 98

	
Study

	
6

	
2




	
13

	
POLA 12

	
Study

	
7

	
4




	
14

	
POLA 13

	
Study




	
15

	
POLB 10

	
Study




	
16

	
SEA

	
Paper

	
8

	
1




	
17

	
STEAM

	
Paper

	
9

	
1




	
18

	
CARB 06

	
Study

	
10

	
12




	
19

	
US EPA 06

	
Study




	
20

	
US EPA 09

	
Study
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Table 4. Exclusion and application quantity of references based on data.
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No. of Reports

	
Report

	
Report Type

	
No. of Reports after Exclusion

	
Application Quantity for EFs

	
Application Quantity for LFs






	
1

	
PIRAEUS 09

	
Paper

	
1

	
/

	
3




	
2

	
SAMSUN 10–15

	
Paper

	
2

	
/

	
1




	
3

	
CARB 06

	
Study

	
3

	
1

	
2




	
4

	
CARB 07

	
Study




	
5

	
FEMA 09

	
Paper

	
4

	
/

	
1




	
6

	
EEA 13

	
Study

	
5

	
2

	
/




	
7

	
EEA 16

	
Study




	
8

	
EEM 10

	
Study

	
6

	
2

	
/




	
9

	
ENTEC 02

	
Study

	
7

	
21

	
9




	
10

	
ENTEC 05

	
Study




	
11

	
ENTEC 07

	
Study




	
12

	
ENTEC 10

	
Study




	
13

	
IMO GHG 14

	
Study

	
8

	
1

	
/




	
14

	
SMED 04

	
Study

	
9

	
8

	
/




	
15

	
IVL 05

	
Study




	
16

	
L R 95

	
Study

	
10

	
1

	
/




	
17

	
MAN

	
Study

	
11

	
/

	
1




	
18

	
MEET 98

	
Study

	
12

	
2

	
1




	
19

	
NEI 10

	
Study

	
13

	
1

	
/




	
20

	
POLA 04

	
Study

	
14

	
4

	
7




	
21

	
POLA 08

	
Study




	
22

	
POLA 09

	
Study




	
23

	
POLA 12
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