
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Abstract: Coastal communities neighboring port terminals are impacted by the air pollutants emitted by vessels 
during their activities. One of the sustainable management tools adopted by these cities is the preparation of 
emission inventories for local pollutants and greenhouse gases (GHG) to quantify these atmospheric emissions. 
There are a variety of bottom-up methodologies developed to estimate air emissions from ships. Given this fact, 
the objective of this study was to evaluate the methodologies proposed by the United States Environmental 
Protection Agency (US EPA), the California Air Resources Board (CARB), and the European Environmental Agency 
(EEA), to highlight the assumptions, limitations, and uncertainties associated with the application of each one. Only 
the US EPA and CARB methodologies proposed estimation for GHG (CO2). In addition, the analysis showed that 
although the methodologies adopt the same approach (bottom-up methodology), the results can be quite different 
due to the input data required by each one. This fact highlights the need for the development of experimental 
studies to obtain emission factors appropriate to the circulating vessels fleet, to reduce uncertainties in the 
estimates, since reliable emission inventories are a subsidy for the elaboration of environmental management 
policies and the creation of atmospheric emission control programs in port regions. 
Keywords: Emission inventories, Maritime transport,Mobile sources, CO2, Air pollution. 
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Avaliação Crítica das Principais Metodologias de Estimativa de Emissões 
Atmosféricas de Embarcações 

 
 
Resumo: As comunidades costeiras vizinhas a terminais portuários são impactadas pelos poluentes atmosféricos 
emitidos por embarcações durante suas atividades. Uma das ferramentas de gestão sustentável adotadas por essas 
cidades é a elaboração de inventários de poluentes locais e de gases de efeito estufa (GEE) para quantificar essas 
emissões atmosféricas. Há uma variedade de metodologias bottom-up desenvolvidas para estimar as emissões 
atmosféricas provenientes de navios. Diante disso, o objetivo deste estudo foi avaliar as metodologias propostas 
pela Agência de Proteção Ambiental dos Estados Unidos (US EPA), pelo Conselho de Recursos do Ar da Califórnia 
(CARB) e pela Agência Europeia do Meio Ambiente (EEA), destacando os pressupostos, limitações e incertezas 
associados à aplicação de cada uma. Apenas as metodologias da US EPA e da CARB propuseram estimativas para 
GEE (CO2). Além disso, a análise mostrou que, embora as metodologias adotem a mesma abordagem (bottom-up), 
os resultados podem ser bastante diferentes devido os dados de entrada exigidos por cada uma. Esse fato evidencia 
a necessidade do desenvolvimento de estudos experimentais para obter fatores de emissão adequados à frota de 
embarcações em circulação, a fim de reduzir as incertezas nas estimativas, já que inventários de emissões 
confiáveis são subsídio para a elaboração de políticas de gestão ambiental e a criação de programas de controle de 
emissões atmosféricas em regiões portuárias. 
Palavras-chave: Inventários de emissões, Transporte marítimo, Fontes móveis, CO₂, Poluição do ar. 
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INTRODUCTION 

 

One of the main challenges for the management of coastal cities with the presence of 

port terminals is to ensure sustainable development, reducing the environmental impacts on 

local communities caused by port activities (Chang and Wang, 2012; Chen et al., 2017, Cammin 

et al. 2020). According to the International Maritime Organization - IMO (2020), emissions from 

ships could increase between 50 and 250% by 2050, varying according to future economic 

growth and energy development. Therefore, the control of exhaust gas emissions from maritime 

transport has become an urgent task, as the exponential use of the modal has grown. Recent 

studies emphasize that the shipping sector is responsible for approximately 3% of global 

greenhouse gas (GHG) emissions, necessitating high-resolution databases to improve inventory 

accuracy (Sun et al., 2025; Wang et al., 2025). 

The IMO (2025) recently published the regulatory package known as the “IMO Net-Zero 

Framework” to aim decarbonize international maritime transport, approved during the 83rd 

session of the Marine Environment Protection Committee (MEPC). This package was 

incorporated into Annex VI of the MARPOL Convention, which currently applies to 97% of the 

world’s merchant ship fleet by tonnage. Morover, according to Zhang et al. (2018), about 15% of 

the global nitrogen oxide (NOx) and 5 to 8% of sulfur oxide (SOx) are emitted by vessels into the 

atmosphere. The assessment of emissions from individual vessels, such as the Marella Discovery, 

provides crucial insights into the impact of specific operations (Faber, 2021). The adoption of 

Análisis de Calidad en una Industria de Hilado en Paraná 
 

 
Resumen: Las comunidades costeras vecinas a los terminales portuarios se ven afectadas por los contaminantes 
atmosféricos emitidos por los buques durante sus actividades. Una de las herramientas de gestión sostenible 
adoptadas por estas ciudades es la elaboración de inventarios de contaminantes locales y de gases de efecto 
invernadero (GEI) para cuantificar estas emisiones atmosféricas. Existen diversas metodologías bottom-up 
desarrolladas para estimar las emisiones atmosféricas procedentes de los buques. Ante este hecho, el objetivo de 
este estudio fue evaluar las metodologías propuestas por la Agencia de Protección Ambiental de los Estados Unidos 
(US EPA), la Junta de Recursos del Aire de California (CARB) y la Agencia Europea de Medio Ambiente (EEA), 
destacando los supuestos, limitaciones e incertidumbres asociadas a la aplicación de cada una. Solo las 
metodologías de la US EPA y de la CARB propusieron estimaciones para GEI (CO2). Además, el análisis mostró que, 
aunque las metodologías adoptan el mismo enfoque (bottom-up), los resultados pueden ser bastante diferentes 
debido a los datos de entrada requeridos por cada una. Este hecho resalta la necesidad de desarrollar estudios 
experimentales para obtener factores de emisión adecuados a la flota de buques en circulación, con el fin de reducir 
las incertidumbres en las estimaciones, ya que los inventarios de emisiones confiables son un apoyo para la 
elaboración de políticas de gestión ambiental y la creación de programas de control de emisiones atmosféricas en 
regiones portuarias. 
Palabras clave: Inventarios de emisiones, Transporte marítimo, Fuentes móviles, CO₂, Contaminación del aire. 
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these new regulatory frameworks is critical, as regional assessments show that port-related 

emissions continue to impact coastal air quality significantly (Shen et al., 2025). 

Despite the relevance of this issue, few studies have been found on an inventory of air 

pollutants or GHG emissions emitted by ships. Besides, there are two common approaches to 

preparing ship emissions inventories: (1) top-down methodology, based on fuel consumption, 

and (2) bottom-up methodology, based on activity (Zhang et al., 2017; Lee et al., 2020). 

Comparative analyses of these approaches indicate that activity-based models are increasingly 

preferred for their ability to integrate real-time data, such as Automatic Identification System 

(AIS), to reduce estimation uncertainties (Khayenzeli et al., 2025). 

The top-down methodology was widely applied until the 2000s, due to the lack of 

detailed maritime traffic data. It is based on average fuel consumption from ship combined 

with corresponding emission factors (FE) for each type of air pollutant (Yau et al., 2012; Zhang, 

2017; Zhang, 2018). On the other hand, the bottom-up methodology is applied when information 

is available about the ship and its operation (activity). According to Yau et al. (2012), the 

specifications involved in the application of the bottom-up approach are more accurate than 

the top-down method, once the necessary parameters are available for the application of this 

methodology.  

Lopes et al. (2024) sugget the activity-based method should be used whenever possible, 

since the detailing of the input parameters increases the accuracy of the estimation. Lee et al. 

(2020) and Nunes et al. (2017) report the most common parameters are detailed information on 

the ship's specifications, such as fuel and shipe type, IMO number, ship dimension, and engine 

characteristics, as well as operational and research data (e.g., travel distances, instantaneous 

speed, maximum speed, port calls, estimated ship operations, uptime, ship tracking, and real-

time operations). 

There are a variety of bottom-up methodologies for estimating ship emissions, such as 

those proposed by the United States Environmental Protection Agency (US EPA, 2006), the 

California Air Resources Board (CARB, 2011), European Environment Agency (EEA, 2019). Beyond 

these established frameworks, the field includes additional approaches such as the IMO's 

MARPOL-based guidelines, high-resolution AIS based methodologies (Chen and Yang, 2024; Yi 

et al., 2025), and specific regional inventory models utilized in major maritime hubs, including 

China's Pearl River Delta and the European Union's Monitoring, Reporting, and Verification 

(MRV) framework (EMSA, 2023; Mao et al., 2023). These specialized methodologies often leverage 
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localized emission factors and dynamic operational data to provide granular spatial-temporal 

assessments. 

Despite the emergence of these diverse approaches, the four methodologies selected for 

this study (US EPA, EEA, CARB, and Der Meer) remain the most widely adopted in global 

literature. Their prevalence is justified by their high degree of standardization, widespread 

availability of required input data, and frequent use as benchmarks in comparative studies. 

Furthermore, these frameworks provide a robust basis for assessing emissions across different 

regulatory jurisdictions, ensuring comparability and reliability for environmental management 

policies in port regions (Nunes et al., 2017; Borén et al., 2023). 

However, even though they all adopt the same methodological approach, these 

methodologies can generate very different results (Nunes et al., 2017). Recent intercomparisons 

of these specific methodologies have demonstrated discrepancies exceeding 20% in emission 

estimates, particularly when ships operate under off-design conditions like slow steaming 

(Borén et al., 2023). Furthermore, the integration of geographical and berth-specific data has 

been proposed to refine these established methodologies (Daniel et al., 2024). In this context, 

the objective of this study is to provide a critical assessment of the main methodologies for 

estimating atmospheric emissions from vessels, evaluating their core assumptions, operational 

limitations, and highlighting the inherent uncertainties of these predominant bottom-up 

approaches. 

 

MATERIALS AND METHODS 

 

A bibliometric analysis was carried out looking for the most applied bottom-up 

methodologies to estimate ship emissions. A literature search was conducted in Scopus and Web 

of Science using the keywords vessels, ships, maritime, atmosphere, emission, GHG, inventory 

and air pollution. Studies were selected based on the following criteria: articles published 

between 2000 and 2025 and show emission estimate calculation. No AI-based tools were used 

to select or write the literature. 

The main methodologies were those proposed by the United States Environmental 

Protection Agency (US EPA, 2006), the California Air Resources Board (CARB, 2001), European 

Environment Agency (EEA, 2019) and others, which are described bellow. 
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US EPA Methodology 

The compilation of air emissions factors model developed by the US EPA (2010) is used 

to estimate emissions from vessels using energy-based emission factors, along with activity 

profiles for each vessel. The calculation involves the determination of representative engine 

power for each vessel and the development of activity profiles for each ship stopover. Through 

this information, emissions by scale and mode of ship can be determined using Equation 1 

(USEPA, 2006) 

 

𝐸 = 𝑃 𝑥 𝐻𝑅 𝑥 𝐴 𝑥 𝐹𝐸 (1) 

 

Where: 

E = emissions (t); 

P = maximum continuous rated power (kW); 

HR = load factor (percentage of the total power of the vessel) (%); 

A = activity (h); 

FE = emission factor (g kW-1h-1). 

 

The US EPA (2006) adopts the HR for auxiliary engines (AE) determined by Starcrest 

Consulting Group LLC (2005), published in the document Baseline AI Emissions Inventory of the 

Los Angeles Port. These factors were determined through interviews conducted with ship 

captains, chief engineers, and pilots during their embarkation programs. The HR depending on 

ship types and uptime, and they should consider the full auxiliary power. 

Regarding the emission factors for AE, the US EPA (2006) specifies that the most current 

set of emission factors for this engine type is provided by Entec (2002). For example, the 

emission factors for AE, considering a sulfur content in the fuel (S%) of 1.5% for marine diesel 

oil (MDO) for an average operating speed (MSD). According to USEPA (2006), the SOx emission 

factors (FE_SO2) were based on a conversion factor from fuel sulfur (S) to SO2, assuming that 

97.753% of the fuel sulfur was converted to SO2 and considering the difference in molecular 

weight between SO2 and S (SO2 molecular weight = 2 times the sulfur), calculated according to 

Equation 2. 

 

𝐹𝐸_ SO2  =  𝐵𝑆𝐹𝐶 𝑥 2 𝑥 0.97753 𝑥 𝑆%  (2) 
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Where: 

FE_SO2 = mass of SO2 emitted per tonne of fuel consumed (kg t-1); 

S% = sulphur content; 

BSFC = specific fuel consumption of the brake. 

 

Where BSFC has its value tabulated by the US EPA (2006), according to engine type and 

fuel used. Therefore, when calculating the emission factors of PM10 and SO2, they must be 

adjusted according to the sulfur content of the fuel adopted according to the location where 

the ships were fueled. The PM10 emission factors (FE_PM10) were determined by the US EPA based 

on existing engine test data and adjusted based on fuel type, according to Equation 3. 

 

𝐹𝐸_𝑃𝑀10  =  1.35 +  𝐵𝑆𝐹𝐶 𝑥 7 𝑥 0.02247 𝑥 (𝑆% −  0.0246)  (3) 

Where: 

FE_PM10 = mass of PM10 emitted per tonne of fuel consumed (kg t-1); 

S% = sulphur content; 

BSFC = specific fuel consumption of the brake. 

 

Carb Methodology 

The CARB Model was used by the California Air Resources Board (CARB, 2001) to estimate 

the emissions of air pollutants that would be adopted in California's ocean-going vessel 

inventory, as presented in the document "Appendix D: Emissions Estimation Methodology for 

Ocean-Going Vessels". The model is mainly based on actual estimates of ship engine power, 

number of ships, and actual lodging times. The moment of hotelng operation is also considered, 

where the ships are in the anchorage area of the Port, operating only with AE. Therefore, 

emissions are calculated according to Equation 4: 

 

Ey,t,m,e =  ∑ 𝑃𝑜𝑝𝑡 ∗  𝐹𝐸𝑒,𝑚,𝑓 ∗  𝐴𝑒,𝑚,𝑡 ∗  𝑃𝑒,𝑚,𝑡 ∗  𝐻𝑅𝑒,𝑚,𝑡  (4) 

 

Where: 

E = emissions (t); 

POP = population of ocean-going vessels by vessel type; 

FE = emission factor by engine type, operation mode, and fuel type (g kW-1h-1); 

A = average annual use by operation mode and vessel type (h); 
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P = average power by operation mode and vessel type (kW); 

HR = Average engine load factor by operation mode and vessel type (%); 

y = year inventoried; 

e = engine type (main and auxiliary);  

m = operation mode (hoteling, maneuver and cruise); 

t = vessel type (bulk carrier, container, general cargo, etc.); 

f = fuel type. 

 

For the estimation of the average power outputs of the vessels, CARB adopted the 

auxiliary power generation capacities available in the Lloyds-Fairplay PC Register database 

(2007). For the load factor of the AE, a percentage (Table 1), representative of the actual power 

of the engine used divided by the total installed power of the AE, having as the main source of 

data the surveys of CARB (2005, 2007) and Starcrest Consulting Group LLC (2005), published in 

the document Emissions Inventory of the Baseline AI of the Port of Los Angeles (2005). 

 

Table 1. Load characteristics of the auxiliary engines (percentage load). 

Ship type 

Load Factor (%) 

Hoteling Manoeuvre Cruise 

Bulk Carrier or General Cargo 10 45 17 

Container Ship 18 50 13 

Source: Adapted from CARB (2001). 
 

EEA methodology 

The European Environment Agency's Air Pollution Emissions Inventory Guide (EEA, 2019) 

presents a procedure for selecting the most appropriate approach among three tiers called 

“Tiers”. Tiers 1 and 2 use fuel sales reports as the main parameter for evaluating ship activity. 

For the emission factors assume characteristics of an average vessel to estimate the emissions 

of air pollutants. The Tier 3 methodology is the most accurate approach, for this reason, it is 

recommended when technical parameters (e.g. engine power and technology, total installed 

power, fuel type) and detailed data on individual vessel movements are available, applying 

Equation 5. 
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E𝑚,𝑓 =  ∑ (𝐹𝐶e,m,f x FEe,m,f)𝑚
   (5) 

Where: 

E = emissions (t); 

FC = fuel consumption (t); 

FE = emission factor (kg t-1); 

e = engine type (main and auxiliary); 

m = operation mode (hoteling, maneuver and cruise); 

f = fuel type (e.g. bunker fuel oil, marine diesel oil/marine gas oil (MDO/MGO), liquefied natural 

gas (LNG), and petrol). 

 

It should be noted that for the SO2, the author indicates the use of the emission factor 

available in the Lloyds-Fairplay PC Register database (2007), considering only the fuel type. 

Trozzi and Lauretis (2019) adopt for HR for AE s during hoteling operations the data proposed 

by Entec (2002), which is 60%, regardless of the ship type. 

Trozzi and Lauretis (2019) also proposed a specific methodology for calculating 

emissions, based on the installed power and the time spent in the differents operation mode 

(A), when the fuel consumption in each mode is not known. Then, after obtaining the installed 

power of the main engine (ME), Trozzi and Lauretis (2019) suggest an average ratio to determine 

the installed power of the AE, described in Table 2. To do this, emissions are calculated 

considering both engine types using the following Equation 6. 

 

E𝑗,𝑚 =  ∑ (𝐴𝑓 ∑ (𝑃𝑒 𝑥 𝑒 𝐹𝐶e x FEe,j,m,f))
𝑓

     (6) 

 

Where: 

E= emissions (t); 

FE = emission factor (kg t-1); 

HR = motor load factor (%); 

P = rated motor power (kW); 

A = uptime (h); 

e = engine type (main and auxiliary); 

j = engine category (low, medium, and high-speed diesel, gas turbine, and steam turbine); 
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f = fuel type (bunker fuel oil, marine diesel oil/marine diesel, LNG, and gasoline); 

m = operation mode (hoteling, maneuver and cruise). 

 
Table 2. Main power as a function of Gross Tonnage and average ratio of Auxiliary Engines (AE) 
by Main Engines (ME) per ship type. 
Ship types Main power as a function of Gross 

Tonnage 
Average ratio of AE/ME 

Carriers 35.912*GT 0.5276 0.30 

Containers  2.9165*GT 0.8719 0.25 

General cargo 5.56482*GT 0.7425 0.23 

Source: Adapted from EEA (2019). 
 

Der Meer Methodology 

The Der Meer model was developed in 2012 based on the "Methodologies for estimating 

shipping (EMS) emissions in the Netherlands published by Netherlands Environmental 

Assessment Agency (2012), which proposes methodologies and emission factors for the 

calculation of ships emission during operation, which consider Gross Tonnage (GT) the main 

information for this calculation, in addition to fuel consumption, which is differentiated by the 

ship types, as described in Equation 7. 

 

E𝑚 =  𝐺𝑇. 𝐹𝐶. 𝐴. 𝐹𝐸     (7) 

Where: 

E = emissions (t); 

GT = Gross Tonnage (t); 

FC = fuel consumption (kg GT-1h-1); 

A = uptime (h); 

FE = emission factor (kg t-1); 

m = operation mode (hoteling, maneuver and cruise). 

 

Emissions were estimated using specific NOx emission factors, as published in the study 

by Cooper (2002), where it is assumed that each 1 ton of fuel consumption has 52 kg of NOx, 

where FE is 52kg t-1 for NOx. To estimate the pollutant SO2, the FE proposed by Der Meer (2012) 

is based on an empirical relationship of the percentage of sulfur under emissions (Equation 8) 

for AE. 
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FE_SO2 =  20 𝑥 (𝑆%)    (8) 

 

Where: 

FE_SO2 = mass of SO2 emitted per tonne of fuel consumed (kg t-1) 

S% = sulphur content. 

 

It should be noted that the Der Meer Model, unlike the other models presented, provides 

a proposal for a calculation methodology to estimate the fuel consumption using a correlation 

described from the GT with the average fuel consumption by ship types. 

 

RESULTS AND DISCUSSION 

 

Since the main bottom-up methodologies applied worldwide for estimating emissions 

from vessels have already been presented in the methodology, it can be seen that these differ, 

mainly, by the input data types that each one adopts. The methodologies for the estimation of 

atmospheric emissions from vessels can be grouped into two key factors: 

Factor 1 – involves the energy output from the engine over the activity time, where the 

main factors are the engine power and the associated load factors. 

Factor 2 – involves the fuel consumption by the engine over the activity time, according 

to the operation mode and ship type. 

 

Factor 1: Engine Power and Load Factors 

For the calculation of the energy output from the engine, during the specific period of 

operation of the ships, and according to the ship type, the powers of the ME and AE and load 

factors of the respective engines are used, as applied by the US EPA and CARB methodologies. 

For these two methodologies, the Lloyd's database (LRS, 2007) is used as the main source of 

information, to obtain average values of engine power (main and/or auxiliary) associated with 

the vessel type addressed in the study. 

The database contains a high level of ME power information for the worldwide fleet, 

however, for AE, it does not provide complete coverage. EEA (2019) describes the need to use 

data proposed by Entec (2002), which proposes 60% as the AE Load Factor  in hoteling mode. 
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However, the use of the model requires knowledge of information about propeller 

characteristics and ship design speeds for more accurate data generation. Without this data, 

emission forecasts will also be less accurate, as it will require the application of average values 

to be able to advance in the calculations. Another disadvantage that can be observed by the use 

of average power values refers to the lack of consideration of the application of energy 

efficiency from ships. 

Another key factor that significantly influences the emissions results derived from both 

methodologies is the AE power. The US EPA (2006) approach utilizes an average value from its 

tabulated data, whereas the EEA (2019) methodology estimates power based on the GT of each 

vessel. Table 3 presents an example of the discrepancies between the average powers of the AE 

adopted for some of the methodologies for different ship types. It is noteworthy that only 

general cargo ships showed similar values estimated from EEA (2019), USEPA (2006) and CARB 

(2011), the other ship types presented considerably discrepant values. 

 
Table 3. Average auxiliary engine powers indicated by EEA (2019), US EPA (2006), and CARB (2011) 
for general cargo ships, container ships, and bulk carriers. 

Ship type Average power of auxiliary engines (kW) 
USEPA (2006) CARB (2011)        EEA (2019) 

General cargo 1,776 1,799 1,552 
Container Ship 6,800 8,156 9,871 
Bulk Carrier 1,776 2,459 601 

Source: Adapted Lopes et al. (2024) 
 

Although the LRS database is recommended by major methodologies in the literature, 

its power information for the global fleet may be extensive, yet it lacks broad coverage for AE. 

Consequently, combining this database with others may introduce greater uncertainties in the 

estimates, as the data on specific ship characteristics may not accurately represent the actual 

conditions of the studied fleets. According to Der Meer (2012), ships have an average useful life 

of 25 years (longer than the road modal). Therefore, new ships have the implementation of 

emission reduction techniques and more efficient engines, which also generates uncertainties 

in the estimate.  

It should also be noted that the EEA (2019) approach opted for a different methodology 

for emission estimate, based on the installed power, that when unknown the power of the ME 

installed, it can be obtained through the relationship described by Trozzi and Lauretis (2019) 

and, then, the power of the AE installed. 
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The comparative analysis of the four predominant bottom-up methodologies (US EPA, 

CARB, EEA, and Der Meer) reveals that the significant discrepancies in final emission estimates 

stem from variations in both foundational emission factors and operational assumptions. To 

substantiate the claim of significant differences in total emissions, it is crucial to first analyze 

the baseline emission factors adopted by each framework. Table 4 presents a consolidated 

comparison of these FE for air pollutants (NOx, SOx, PM10) and GHG by four methodologies 

studied, standardized for a container ship's auxiliary engines operating on Marine Diesel Oil 

(MDO) with a 0.5% sulfur content during hoteling mode. 

 

Table 4. FE for air pollutants and GHG from container ships consumpting MDO fuel 

Methodologies NOx SOx / SO2 PM10 CO2 

 (g/kWh) (g/kWh) (g/kWh) (g/kWh) 

US EPA (2009) 
 13.9 2.27* 0.49 691 

CARB (2011) 
 13.9 2.10 0.31 722 

EEA (2019) 
 

14.2 
 2.27 

0.80 
 

- 

Der Meer (2012) 
 

12.0 
  2.27 0.40** - 

Caption: *SOx Adjustment in the US EPA: The original EPA table (2009) provided a fixed factor of 4.24 g/kWh based 
on a higher historical sulfur content (approximately 1.0% to 1.5%). Mathematically adjusting for the 0.5% S limit and 
considering the US EPA (2009) SFC of 227 g/kWh, the correct value for comparison is 2.27 g/kWh (the same adopted 
by the European and Dutch methodologies). ** Adopting PM fator = 1.76 g/kg fuel (CE Delft., 2021). 
Source: The authors. 

 

As demonstrated in Table 4, even when normalizing the fuel type and operational mode, 

inherent differences between the methodologies can be observed. For instance, PM10 estimated 

vary by over 150% between CARB (0.31 g/kWh) and EEA (0.80 g/kWh). These foundational 

discrepancies are then amplified when applied to operational variables, such as engine power 

and load factors. 

The practical application of these methodologies across various global ports reveals 

significant discrepancies that reinforce the need for local validation. At the Port of Piraeus 

(Greece), the application of the US EPA methodology demonstrated that inventory accuracy is 

highly sensitive to maneuvering profiles, showing that generic load factors may underestimate 

emissions in high-density ports (Fuentes García et al., 2021). Similarly, at the Port of Busan 

(South Korea), the use of the EEA Tier 3 model integrated with AIS data allowed for a precise 
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quantification of PM2.5 reductions, highlighting the effectiveness of this approach for 

monitoring regional decarbonization goals (Kwon et al., 2023).  

Recent studies at the Itaguaí Port Complex (Brazil) using the Der Meer methodology 

indicated that container ships have significantly higher energy demand and fuel consumption 

than bulk carriers, directly impacting atmospheric pollutant dispersion in coastal regions (Lopes 

et al., 2024). Furthermore, comparing CARB and US EPA models in the context of tankers on the 

US West Coast revealed that while both are activity-based, CARB’s frequent emission factor 

updates tend to better reflect technological innovations in the modern fleet (CARB, 2025). 

 

Factor 2: Fuel Consumption 

Only Der Meer (2012) adopts the "fuel consumption" as a key factor in its emissions 

estimation methodology. He presents a mechanism for fuel consumption estimating by means 

of the GT per time unit, according to the operation mode and ship type. The analysis of the 

average fuel consumption by ship types that traveled in the Port Complex of Itaguaí - Brazil 

published by Lopes et al. (2024) showed that container ships had higher energy demand and 

consequently higher fuel consumption than bulk carriers and cargo ships in general. 

However, additional factors must be considered when estimating pollutant emissions 

based on fuel consumption. According to Doundoulakis and Papaefthimiou (2020), the specific 

fuel oil consumption can vary depending on the physicochemical properties of the fuel, which 

are directly linked to its quality, such as water content, lower calorific value, sulfur content, and 

ash content. Additionally, fuel consumption is influenced by the physical characteristics of the 

engine and the ship's mechanical components, which evolve over its operational lifespan and 

maintenance routines. 

 

Comparison of Methodologies 

The Table 5 is presented in order to summarize the main characteristics observed in the 

methodologies used in the estimates of atmospheric emissions from ships. Althought, the 

methodologies differ significantly based on the input data used, according to Lopes et al. (2024), 

the emission estimate proposed by Der Meer (2012) is also higher than the others, as it adopts 

engine power as a key factor instead of fuel consumption. 
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Table 5. Comparison of methodologies adopted for estimating atmospheric emission from 
vessels. 
 USEPA (2006) CARB (2001) EEA (2019) DER MEER (2012)  
Key factor Medium power Medium power Medium power Fuel 

Emission fator  

It sets the FE 
according to the 
engine type and fuel 
type. 

 
It sets the FE 
according to engine 
type, engine speed, 
and fuel type. 

It sets the FE 
according to the 
operation mode 
and fuel type. 

Does not provide 
the FEs used 

Average power 
of the auxiliary 
engine  

It is based on the 
values determined 
by Starcrest 
Consulting Group 
LLC, published in 
the document 
Emissions Inventory 
of the Port of Los 
Angeles (2001) 

It is based on the 
Lloyds-Fairplay PC 
Register database 
(2007) 

The method 
proposes the 
estimation of the 
average installed 
power when the 
factor is unknown 

Not applicable 

Load Factor 

It fixes different 
load factors 
according to the 
ship type involved in 
the calculation.  

It sets the load 
factors according 
to the ship type 
involved in the 
calculation, with 
equal values only 
for bulk carriers 
and general cargo. 

It sets the load 
factor at 40% for 
all ships, not 
considering the 
different of ship 
types involved in 
the estimate. 

Not applicable 

Variation in S 
content 

It considers the 
variation of S 
content in the fuel 
on equation to 
adjust FE_SO2 and 
FE_PM10. 

Does not consider 
the variation of S 
content in the fuel 

Not applicable It considers the 
variation of the S 
content in the fuel 
on equation to 
adjust only FE_SO2 

Source:  CARB (2001); EEA (2019); DER MEER (2012); USEPA (2006). 
 

The SO2 emissions calculated for the methodologies proposed by US EPA (2006) and Der 

Meer (2012) allow the insertion of information on the sulfur content to estimate the emission 

factor. In Brazil, the implementation of ANP Resolution No. 789/2019, published by the National 

Agency of Petroleum, Natural Gas and Biofuels, reduced the S content from 1% to 0.5% of marine 

fuel oils as of 2021. This type of environmental policy is reflected in the reduction of SO2 and 

PM10 emissions, which are atmospheric pollutants that are directly influenced by the sulfur 

fraction of the fuel when the US EPA (2006) and Der Meer (2012) methodologies are applied, as 

these consider the variation in the S content in the calculation of emission estimates. According 
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to Toscano and Murena (2019), the influence of S fuel content on PM10 emissions is also more 

limited, as it is a secondary aerosol and not a primary pollutant, such as SO2. 

CO2 emissions can be only possible estimated using the US EPA (2006) and CARB (2001) 

methodologies, as the other methodologies did not have information to make this estimating. 

Thus, there is limited methodologies available for estimating GHG.  

The selection of the most appropriate inventory methodology is intrinsically dependent on the 

availability and quality of input data, as well as the specific objectives of port management. The 

EEA (Tier 3) methodology is particularly suitable for scenarios where direct engine power data 

is not available for the entire fleet, allowing robust estimates based on Gross Tonnage (GT) and 

average power-to-ship type ratios (Kwon et al., 2023; Lee et al., 2025). In contrast, the US EPA 

methodology stands out in port inventories that require a detailed analysis of local pollutants 

(SOx and PM) with dynamic adjustment by fuel sulfur content, being the gold standard for North 

American ports and regions following national environmental agency guidelines (Fuentes García 

et al., 2021; Manqele et al., 2025).  

For regions with strict berthing regulations and mobile source control, such as California, the 

CARB methodology is most indicated, as it offers specific load factors and activity profiles for 

at-berth operations and maneuvers (Daniel et al., 2024; CARB, 2023). Finally, the Der Meer 

methodology presents a strategic advantage in studies where fuel consumption is the central 

available metric, allowing a direct correlation between ship tonnage and energy demand (Borén 

et al., 2023; Lopes et al., 2024). 

 

Estimation Uncertainties 

After surveying the literature of different methodologies, it is possible to verify a large 

difference between the reported emission factors, since they differ in specific factors such as 

the correlation with the fuel type used, related operation mode, and engine type. The SO2 

emissions for the methodologies proposed by US EPA (2006) and Der Meer (2012) allow the 

insertion of information on the sulfur content to estimate the emission factor, which reduces 

the uncertainty of this variable in the estimation of the rate of emissions of these pollutants, 

as it inserts more detailed information on the fuel quality. Cooper (2002) presents an estimate 

of the uncertainty levels for the FE where, considering the 95% confidence interval, the FE_NOx 

at the time of anchoring would present a relative uncertainty of 30% to the assigned value and 

the FE_SO2 presents an uncertainty of 20% to the assigned value.  
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Yuan et al. (2016) already highlighted in their work the uncertainty quantification of CO2 

emission reduction for maritime shipping, given the lack of standardization in information 

when preparing emissions inventories, since for CARB (2011) and US EPA (2006) methodologies 

adopt different input datas for estimating. In the study conducted by Lopes et al. (2024), the 

estimated emissions using the USEPA (2006) and EEA (2019) methodologies showed differences 

of 25% and 48%, respectively, for NOx and PM₁₀ at the Port Complex of Itaguaí, Brazil, in 2021. 

Another factor of uncertainty is attributed to the methodologies used, since it was found 

that most of the methodologies use LRS database, due to the lack of technical specifications of 

the ships, such as the ship type in question and other more detailed information such as the 

engine types installed, as well as their speed and power. It is also noteworthy, with regard to 

the Gross Tonnage factor, used in the EEA (2019) and Der Meer (2012) methodologies, they 

consider the conversion of gross registration tonnage to gross tonnage referring to the oldest 

fleet (from 1997) used for calculation, considering the International Convention on the 

Measurement of Ship Tonnage of 1969, adopted by the IMO in 1969. 

Regarding the emission factor parameter, Nunes et al. (2017) emphasize the need for new 

campaigns and/or onboard measurement studies to obtain experimentally validated emission 

factors. However, this process is challenging due to operational and budgetary constraints, as 

it involves relatively high costs. Consequently, emission factors from the literature are 

commonly used, introducing a significant uncertainty source, as they do not precisely reflect 

actual conditions. Due to this issue, Ekmekçioğlu et al. (2020) assessed of shipping emission 

factors through monitoring and modelling studies and Huang et al. (2020) proposed a dynamic 

calculation of ship exhaust emissions based on real-time AIS data. Both researchers showed 

solutions to discover a more sustainable method for updating emission factors applied in 

developing emission inventories. 

 

CONCLUSION 

 

The methodologies adopted worldwide for estimating atmospheric emissions by vessels 

are activity-based, which involve either the release of energy or the fuel consumption by the 

engines, according to the operation mode and ship types. This critical assessment highlights 

that the divergence in vessel atmospheric emission estimates is not merely a reflection of model 

choice, but a direct consequence of distinct assumptions regarding baseline emission factors 

and operational variables.  
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The standardized comparative analysis in g/kWh revealed that, even for the same fuel 

type and vessel class, emission factors exhibit substantial variations, with discrepancies that 

can exceed 150% for specific pollutants such as particulate matter. Furthermore, the discussions 

integrated into the results demonstrate that this uncertainty is significantly amplified by 

assumptions concerning the installed power and load factors of auxiliary engines during 

hotelling.  

As practical guidance for port environmental management, the study concludes that the 

EEA methodology is preferable in data-scarce scenarios, whereas the US EPA and CARB 

approaches offer greater precision for high-resolution local inventories, provided that granular 

operational data is available. This fact suggests the need for the development of experimental 

studies to obtain emission factors appropriate to the circulating fleet, as well as new methods 

of measurement on board ships, to reduce the uncertainties of emission factors. Similarly, 

obtaining data on a vessel's operations at port terminals from the local port authority or other 

reliable local organizations can provide valuable and accurate operational information. In 

addition to the adoption of data from the technical specifications of the ships, such as main 

and AE power, and load factor, made available by engine manufacturers. 

Among the methodologies addressed, the method proposed by the US EPA (2006) proved 

to be the most comprehensive in terms of considerations addressed in the estimating, such as 

the fact that it considers the variation of the sulfur content to adjust the emission factors of 

SO2 and PM10, reflecting more accurately the fuel used, thus providing a refinement in the 

results. In addition, it also proposes emission factors for CO₂, thereby incorporating the GHG 

emission inventories. Moreover, this methodology enables the estimation of CO₂, which is 

regulated under the IMO's strategy to decarbonize international maritime transport. 

Finally, it is concluded that it is necessary to improve the process of data collection and 

availability, to improve, update, and standardize the information adopted by the bottom-up 

methodologies. A reliable emissions inventories can be an important tool for the development 

of mitigation strategies and environmental policies aimed at reducing the negative health 

impacts caused by the air pollution from port activities. 

 

REFERENCES 

BORÉN, C., GRIFOLL, M., CASTELLS-SANABRA, M. Emissions Assessment of Container Ships Sailing under Off-Design 
Conditions. Journal of Marine Science and Engineering, v. 11, n. 10, p. 1983, 2023. DOI: 
https://doi.org/10.3390/jmse11101983. 

https://doi.org/10.3390/jmse11101983


Ventura et al. 

Revista Internacional de Ciências, v. 16, n. 01, p. 73-92, jan-abr, 2026 90 

BRASIL. Resolução ANP nº 789/2019. Brasília: ANP, 2019. Disponível em:  https://www.in.gov.br/web/dou/-
/resolucao-n-789-de-22-de-maio-de-2019-122631742 

CAMMIN, P., YU, J., HEILIG, L., VOß, S. Monitoring of air emissions in maritime ports.  Transportation Research Part 
D: Transport and Environment, 87, 102479. 2020. DOI: 
https://www.sciencedirect.com/science/article/abs/pii/S1361920920306660?via%3Dihub 

CE Delft. STREAM Freight Transport 2020. Delft: CE Delft, 2021. https://cedelft.eu/wp-
content/uploads/sites/2/2021/03/CE_Delft_190325_STREAM_Freight_Transport_2020_FINAL.pdf 

CHANG, CC, WANG, CM. Evaluating the effects of green port policy: Case study of Kaohsiung harbor in Taiwan. 
Transportation Research Part D: Transport and Environment, 17, 185-189, 2012. DOI: 
https://www.sciencedirect.com/science/article/abs/pii/S1361920911001532?via%3Dihub  

CHEN, D., WANG, X., NELSON, P., LI, Y., ZHAO, N., ZHAO, Y., LANG, J., ZHOU, Y., GUO, X. Ship emission inventory and its 
impact on the PM2.5 air pollution in Qingdao Port, North China. Atmospheric Environment, 166, 351-361, 2017. DOI: 
https://doi.org/10.1016/j.atmosenv.2017.07.021  

CHEN, X., YANG, J. Analysis of the uncertainty of the AIS-based bottom-up approach for estimating ship emissions. 
Marine Pollution Bulletin, v. 199, p. 115968, 2024. DOI: https://doi.org/10.1016/j.marpolbul.2023.115968. 

COOPER, D. Quantification of emissions from ships associated with ship movements between port in the European 
Community. Final Report, European Commission, for ENTEC UK LTD. 2002. (ENV.C.1/ETU/2001/0090). 

DANIEL, H., TROVÃO, J. P. F., WILLIAMS, D., BOULON, L. Unlocking shore power in St. Lawrence and Great Lakes for 
cargo ships. Transportation Research Part D: Transport and Environment, v. 131, p. 104230, 2024. DOI: 
https://doi.org/10.1016/j.trd.2024.104230. 

DER MEER, R. Marine air: shipping emissions in ports and their impact on local air quality: A case study on the 
ports of Delfzijl and Eemshaven. Netherlands: Faculty of Mathematics and Natural Sciences, University of 
Groningen, 2012. Disponível em: https://www.semanticscholar.org/paper/Marine-air%3A-shipping-emissions-in-
ports-and-their-A-der/11a185669381a648c41d755713b6f331687ac671 

DOUNDOULAKIS, E.; PAPAEFTHIMIOU, S. A comparative methodological approach for the calculation of ships air 
emissions and fuel-energy consumption in two major Greek ports. Maritime Policy & Management, v. 49, p. 1135-
1154, 2022. 

EEA – EUROPEAN ENVIRONMENT AGENCY. Air Pollution Emissions Inventory Guide 2021. Luxembourg: Publications 
Office of the European Union, 2019. 

EKMEKÇIOĞLU, A.; KUZU, S. L.; ÜNLÜGENÇOĞLU, K.; ÇELEBI, U. B. Assessment of shipping emission factors through 
monitoring and modelling studies. Science of The Total Environment, v. 743, p. 140742, 2020. DOI: 
https://doi.org/10.1016/j.scitotenv.2020.140742. 

EMSA – EUROPEAN MARITIME SAFETY AGENCY. Reducing GHG emissions - MRV Regulation. European Maritime 
Safety Agency, 2023. Disponível em: https://www.emsa.europa.eu/reducing-emissions/mrv-changes.html. 

ENTEC UK LIMITED. Quantification of emissions from ships associated with ship movements between ports in the 
European Community. European Commission Final Report. Cheshire: Entec UK Limited, 2002. 

EUA. Appendix D: Emissions Estimation Methodology for Ocean-Going Vessels", Planning and Technical Support 
Division. Califórnia: CARB – California Air Resources Board, 2011.  Disponível em: 
https://ww2.arb.ca.gov/sites/default/files/barcu/regact/2011/ogv11/ogv11appd.pdf 

EUA. Emissions Estimation Methodology for Ocean-Going Vessels. Califórnia: California Air Resources Board (CARB), 
2005. 

EUA. Hotelling Emissions Estimation Methodology for Ship Auxiliary Engines in California. Califórnia: CARB – 
California Air Resources Board, 2007. Disponível em: http://www.arb.ca.gov/regact/2007/shorepwr07/appb.pdf 

https://www.in.gov.br/web/dou/-/resolucao-n-789-de-22-de-maio-de-2019-122631742
https://www.in.gov.br/web/dou/-/resolucao-n-789-de-22-de-maio-de-2019-122631742
https://www.sciencedirect.com/science/article/abs/pii/S1361920920306660?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1361920911001532?via%3Dihub
https://doi.org/10.1016/j.atmosenv.2017.07.021
https://doi.org/10.1016/j.marpolbul.2023.115968
https://doi.org/10.1016/j.trd.2024.104230
https://www.semanticscholar.org/paper/Marine-air%3A-shipping-emissions-in-ports-and-their-A-der/11a185669381a648c41d755713b6f331687ac671
https://www.semanticscholar.org/paper/Marine-air%3A-shipping-emissions-in-ports-and-their-A-der/11a185669381a648c41d755713b6f331687ac671
https://doi.org/10.1016/j.scitotenv.2020.140742
https://www.emsa.europa.eu/reducing-emissions/mrv-changes.html
https://ww2.arb.ca.gov/sites/default/files/barcu/regact/2011/ogv11/ogv11appd.pdf
http://www.arb.ca.gov/regact/2007/shorepwr07/appb.pdf


Critical Assessment of the Main Methodologies for Estimating Atmospheric Emissions From 
Vessels 

Revista Internacional de Ciências, v. 16, n. 01, p. 73-92, jan-abr, 2026 91 

FABER, J. Emissions of the Marella Discovery. CE Delft, 2021. Disponível em: https://ce.nl/wp-
content/uploads/2021/05/CE_Delft_210101_Emissions_of_the_Marella_Discovery_Def.pdf. 

FUENTES GARCÍA, G., et al. Estimation of atmospheric emissions from maritime activity in the Piraeus port. Journal 
of the Air & Waste Management Association, v. 71, n. 5, p. 564-578, 2021. DOI: 
https://doi.org/10.1080/10962247.2021.1902421. 

HUANG, L.; WEN, Y.; ZHANG, Y.; ZHOU, C.; ZHANG, F.; YANG, T. Dynamic calculation of ship exhaust emissions based on 
real-time AIS data. Transportation Research Part D: Transport and Environment, v. 80, p. 102277, 2020. DOI: 
https://doi.org/10.1016/j.trd.2020.102277. 

IMO – INTERNATIONAL MARITIME ORGANIZATION. Fourth IMO GHG Study. London: IMO, 2020. Disponível em: 
https://greenvoyage2050.imo.org/wp-content/uploads/2021/07/Fourth-IMO-GHG-Study-2020-Full-report-and-
annexes_compressed.pdf.  

IMO – INTERNATIONAL MARITIME ORGANIZATION. IMO approves net-zero regulations for global shipping. London: 
IMO, 2025. Disponível em: https://www.imo.org/en/MediaCentre/PressBriefings/pages/IMO-approves-netzero-
regulations.aspx. 

KHAYENZELI, A. W., et al. An AIS-Based Study to Estimate Ship Exhaust Emissions Using Spatio-Temporal Approach. 
Journal of Marine Science and Engineering, v. 13, n. 5, p. 922, 2025. DOI: https://doi.org/10.3390/jmse13050922. 

KWON, J. W.; KIM, H. S.; LEE, S. H.; PARK, J. HKWON, J. W., et al. Assessment of Shipping Emissions on Busan Port of 
South Korea. Journal of Marine Science and Engineering, v. 11, n. 4, p. 716, 2023. DOI: 
https://doi.org/10.3390/jmse11040716. 

LEE, H.; PARK, D.; CHOO, S.; PHAM, H. T. Estimation of the Non-Greenhouse Gas Emissions Inventory from Ships in 
the Port of Incheon. Sustainability, v. 12, p. 8231, 2020. DOI: https://doi.org/10.3390/su12198231. 

LEE, J.; PARK, S.; KIM, Y.; CHOI, H. LEE, J., et al. A study on the forecast of fine dust emissions in the future: Case of 
Incheon Port. Marine Pollution Bulletin, v. 201, p. 116245, 2025. DOI: https://doi.org/10.1016/j.marpolbul.2024.117507 

LLOYDS-FAIRPLAY. PC Register. Lloyds-Fairplay, 2007. 

LOPES, J. S.; GUIMARÃES, C. S.; VENTURA, L. M. B. Evaluation of Bottom-UP Methodologies in the Estimation of 
Atmospheric Emissions from Ships: A Case Study of the Port Complex of Itaguaí-RJ. Journal of Social and 
Environmental Management, v. 18, p. 1-15, 2024. DOI: https://doi.org/10.24857/rgsa.v18n3-045. 

MANQELE, N. M.; DLAMINI, T. S.; NKOSI, S. N.; MTHEMBU, P. N. Compatibility study of mid-tier and detailed 
approaches for port emissions inventory. Environmental Research Communications, v. 7, p. 015001, 2025. DOI: 
https://doi.org/10.1088/2515-7620/ae171b. 

MAO, X., MENG, Z. Port of Yangpu 2019 emissions inventory report using goPEIT. The International Council on Clean 
Transportation (ICCT), 2023. Disponível em: https://theicct.org/publication/port-of-yangpu-2019-emissions-
inventory-report-gopeit-nov23/. 

NUNES, R. A. O.; ALVIM-FERRAZ, M. C. M.; MARTINS, F. G.; SOUSA, S. I. V. The activity-based methodology to assess 
ship emissions – A review. Environmental Pollution, v. 231, p. 87-103, 2017. DOI: 
https://doi.org/10.1016/j.envpol.2017.07.099. 

PAÍSES BAIXOS (HOLANDA). Methodologies for estimating shipping (EMS) emissions in the Netherlands. 
Documentation of currently used emission factors and related activity data. Bilthoven: Netherlands Environmental 
Assessment Agency (NEAA), 2012.  Disponível em: 
https://www.tno.nl/media/2151/methodologies_for_estimating_shipping_emissions_netherlands.pdf  

SHEN, J., GAO, W., LU, J., LI, F., FENG, X. Sources, calculation methods, and reduction strategies for GHG emissions 
at ports: current status and future trends. Frontiers in Marine Science, v. 12, p. 1542255, 2025. DOI: 
https://doi.org/10.3389/fmars.2025.1542255. 

https://ce.nl/wp-content/uploads/2021/05/CE_Delft_210101_Emissions_of_the_Marella_Discovery_Def.pdf
https://ce.nl/wp-content/uploads/2021/05/CE_Delft_210101_Emissions_of_the_Marella_Discovery_Def.pdf
https://doi.org/10.1080/10962247.2021.1902421
https://doi.org/10.1016/j.trd.2020.102277
https://greenvoyage2050.imo.org/wp-content/uploads/2021/07/Fourth-IMO-GHG-Study-2020-Full-report-and-annexes_compressed.pdf
https://greenvoyage2050.imo.org/wp-content/uploads/2021/07/Fourth-IMO-GHG-Study-2020-Full-report-and-annexes_compressed.pdf
https://www.imo.org/en/MediaCentre/PressBriefings/pages/IMO-approves-netzero-regulations.aspx
https://www.imo.org/en/MediaCentre/PressBriefings/pages/IMO-approves-netzero-regulations.aspx
https://doi.org/10.3390/jmse13050922
https://doi.org/10.3390/jmse11040716
https://doi.org/10.3390/su12198231
https://doi.org/10.1016/j.marpolbul.2024.117507
https://doi.org/10.24857/rgsa.v18n3-045
https://doi.org/10.1088/2515-7620/ae171b
https://theicct.org/publication/port-of-yangpu-2019-emissions-inventory-report-gopeit-nov23/
https://theicct.org/publication/port-of-yangpu-2019-emissions-inventory-report-gopeit-nov23/
https://doi.org/10.1016/j.envpol.2017.07.099
https://www.tno.nl/media/2151/methodologies_for_estimating_shipping_emissions_netherlands.pdf
https://doi.org/10.3389/fmars.2025.1542255


Ventura et al. 

Revista Internacional de Ciências, v. 16, n. 01, p. 73-92, jan-abr, 2026 92 

STARCREST CONSULTING GROUP LLC. Port of Los Angeles Baseline AI Emissions Inventory – 2001. Prepared for the 
Port of Los Angeles. Los Angeles: Starcrest Consulting Group LLC, 2005. 

SUN, R., ABOUARGHOUB, W., DEMIR, E., POTTER, A. A comprehensive analysis of strategies for reducing GHG 
emissions in maritime ports. Marine Policy, v. 171, p. 106455, 2025. DOI: 
https://doi.org/10.1016/j.marpol.2024.106455. 

TOSCANO, D.; MURENA, F. Atmospheric ship emissions in ports: A review. Correlation with data of ship traffic. 
Atmospheric Environment, v. 4, p. 100050, 2019. DOI: https://doi.org/10.1016/j.aeaoa.2019.100050. 

TROZZI, R.; LAURETIS, D. International Maritime Navigation, International Inland Navigation, National Navigation 
(Shipping), National Fishing, Military (Shipping), and Recreational Boats – Guidebook 2019. Copenhagen: EMEP/EEA 
– European Environment Agency, 2019. 

US EPA – UNITED STATES ENVIRONMENTAL PROTECTION AGENCY. Emissions Factors & AP 42, Compilation of Air 
Pollutant Emission Factors. Washington, DC: US EPA, 2006. Disponível em: 
https://www.nrc.gov/docs/ML1607/ML16075A216.pdf.  

WANG, J., LEE, K., FU, X., YAN, R. Data-driven decarbonization in the maritime industry: An integrative analytical 
review. Communications in Transportation Research, v. 5, p. 100145, 2025. DOI: 
https://doi.org/10.26599/COMMTR.2026.9640002. 

YAU, P. S.; LEE, S. C.; CORBETT, J. J.; WANG, C.; CHENG, Y.; HO, K. F. Estimation of exhaust emissions from ocean-going 
vessels in Hong Kong. Science of The Total Environment, v. 431, p. 299-306, 2012. DOI: 
https://doi.org/10.1016/j.scitotenv.2012.03.092. 

YI, W., WANG, X., HE, T., LIU, H., LUO, Z. The high-resolution global shipping emission inventory by the Shipping 
Emission Inventory Model (SEIM). Earth System Science Data, v. 17, p. 277–297, 2025. DOI: 
https://doi.org/10.5194/essd-17-277-2025. 

YUAN, J.; HUI NG, S.; SOU, S. W. Uncertainty quantification of CO₂ emission reduction for maritime shipping. Energy 
Policy, v. 88, p. 113-130, 2016. DOI: https://doi.org/10.1016/j.enpol.2015.10.020. 

ZHANG, Q.; SHEN, Z.; NING, Z.; WANG, Q.; CAO, J.; LEI, Y.; JIAN, S.; ZENG, Y.; WESTERDAHL, D.; WANG, X.; WANG, L.; XU, H. 
Characteristics and source apportionment of winter black carbon aerosols in two Chinese megacities of Xi’an and 
Hong Kong. Environmental Science and Pollution Research, v. 25, p. 33783–33793, 2018. DOI: 
https://doi.org/10.1007/s11356-018-3309. 

ZHANG, Y.; PENG, Y.; WANG, W.; GU, J.; WU, X.; FENG, X. Air emission inventory of container ports' cargo handling 
equipment with activity-based "bottom-up" method. Advances in Mechanical Engineering, v. 9, 2017. DOI: 
https://doi.org/10.1177/1687814017711389. 

https://doi.org/10.1016/j.marpol.2024.106455
https://doi.org/10.1016/j.aeaoa.2019.100050
https://www.nrc.gov/docs/ML1607/ML16075A216.pdf
https://doi.org/10.26599/COMMTR.2026.9640002
https://doi.org/10.1016/j.scitotenv.2012.03.092
https://doi.org/10.5194/essd-17-277-2025
https://doi.org/10.1016/j.enpol.2015.10.020
https://doi.org/10.1007/s11356-018-3309
https://doi.org/10.1177/1687814017711389

