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A B S T R A C T

This study introduces a novel framework of metocean prediction and ship performance models that integrate
multiple layers of modeling to evaluate the environmental impact of ship emissions. It enables scenario simu-
lations that assess a ship’s performance, estimates pollutant emissions, and simulate the fate of these pollutants
in the atmosphere. The study analyzes the fate of NOx, SO2, and PM10 pollutants in the atmosphere using
spatially distributed concentration maps. It provides a comprehensive approach to assessing the environmental
effects of ships and their emissions and contributes to the field of environmental impact assessment. Case
studies are presented to demonstrate the framework’s functionalities, evaluating the interrelationships between
adverse meteo-marine conditions, pollutant emissions, and resulting atmospheric diffusion characteristics.
1. Introduction

International shipping accounts for approximately 80% of the global
rade by value (Asariotis et al., 2019), and has always been the fuel-
nd cost-efficient mode of transport (Gabrielli and von Karman, 1950;
rancossi, 2016; Bejan et al., 2019). Currently, ship-related emissions
are the center stage of the world shipping community (van Aardenne
et al., 2013), with increasing regulatory pressure to achieve greener
maritime transportation, control gaseous emissions, and air pollution,
and reduce the environmental impact of the maritime industry.

1.1. Regulatory framework

Various international and national regulatory bodies such as In-
ternational Maritime Organisation (IMO), European Maritime Safety
Agency (EMSA) and the United States Environmental Protection Agency
(EPA) have adopted a series of regulations for limiting non-greenhouse
gaseous emissions, including NOx and SOx, as well as the greenhouse
gaseous emissions, with the main concern being CO2 (Smith et al.,
2014; Buhaug et al., 2009). Despite these efforts, maritime transport
mits around 940 million tonnes of CO2 annually. It is responsible for
bout 2.5% of global greenhouse gas emissions (Smith et al., 2014)
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with the potential to increase between 50% and 25% by 2050, un-
dermining the objectives of the Paris Agreement (Agreement, 2015).
The shipping industry responded with the adoption of energy effi-
ciency and emissions reduction measures, both at the design (Energy
Efficiency Design Index — EEDI) and the operational stages (Energy
Efficiency Management Plan - SEEMP) (IMO, 2011). Furthermore, to
keep pace with the evolving landscape of emissions regulation and
reduction, more recent mechanisms such as the CII (Carbon Intensity
Indicator) and the EEXI (Energy Efficiency Existing Ship Index) have
been developed (Baldi and Coraddu, 2022). The CII is an innovative
approach that measures the carbon intensity of a ship’s operations. It
acts as a performance-based metric, tracking the CO2 emissions of a
vessel relative to its transport work. With this mechanism, shipowners
and operators can continuously monitor and optimize their fleet’s
environmental performance, focusing not just on the design of new
vessels but also on the operational efficiency of existing ones. By having
a standardized metric, the shipping industry can better benchmark
and drive improvements in reducing carbon intensity. While the EEDI
focused on new ship designs, there was a recognized gap in addressing
the vast fleet of existing ships. The EEXI fills this void. It mandates
a set of energy efficiency requirements for existing ships, ensuring
vailable online 3 December 2023
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that they meet specific standards in terms of their operational carbon
intensity. The aim is to retrofit and upgrade older ships to ensure they
are more fuel-efficient, thereby reducing their overall greenhouse gas
emissions. This initiative is particularly vital as it targets the bulk of
the global fleet, ensuring that older ships are not left behind in the
industry’s push for sustainability. Simultaneously, the IMO’s Marine
Environment Protection Committee (MEPC), during its 80th session,
unveiled new carbon targets, reflecting a heightened commitment to
curbing greenhouse gas emissions from shipping. These targets not only
set stricter limits on carbon emissions but also provide a roadmap for
the gradual decarbonization of the industry, aiming for a considerable
reduction by 2050. The MEPC’s proactive stance reaffirms the global
intent to align maritime operations with international climate goals,
most notably the objectives set out in the Paris Agreement. These
recent mechanisms and targets serve as testamentary evidence of the
shipping industry’s evolving commitment to sustainability, highlighting
a concerted effort to minimize its environmental impact while meeting
the ever-increasing global trade demands.

For a sound decision-making process, both at the operational and
legislative levels, detailed knowledge of the environmental conditions
and their mutual interrelations with shipping activities is required.
Therefore, environmental modeling approaches are highly relevant,
especially when implemented in a multidisciplinary framework (Huszar
et al., 2010; Tang et al., 2020).

1.2. Modeling approaches for emission inventories

A relevant topic where multidisciplinary simulations are involved is
related to the construction of emission inventories. These are produced
by merging data regarding the shipping traffic in a given area with
technical data regarding the propulsion systems and the correspond-
ing emissions for all the relevant ships involved, and in some cases,
data regarding environmental metocean conditions. A combination of
statistical processing (to correctly account for the various features of
the ship’s population in the area) and physical modeling approaches
is usually adopted (Nunes et al., 2017). In this framework, emission
inventories have been produced with different detail levels and data
layers included. An in-depth discussion and systematic comparison of
the various emission inventories are reported in van Aardenne et al.
(2013). Some of the differences are related to geographical modeling
elements, and others come from unequal ship traffic populations or
from taking into account diverse regulations of ship traffic or, e.g., fuel
sulfur content (Jalkanen et al., 2016). Other differences are related
he details of ship modeling approaches and the presence/absence of
nvironmental effects. Moreover, the very simplified treatment of the
atter can be the source of some degree of uncertainty (Segersson,
013), and as a result, discrepancies among the inventories are reported
n the literature (Jalkanen et al., 2016). It must be admitted that some
f the simplifications in the modeling detail of ship performance and
nvironmental effects on them are needed to limit the computational
ffort when a wide population of ships and long time periods are
onsidered when generating comprehensive inventories.
Multi-fidelity modeling approaches have been extensively adopted

or shipping emissions inventories. For instance, the Air pollutant emis-
ion inventory guidebook of the European Environmental Agency’s Euro-
ean Monitoring and Evaluation Programme (Trozzi and De Lauretis,
019), or the inventories of shipping emissions in China (Fu et al., 2017).
he purpose of these modeling approaches is twofold: they are neces-
ary for the compilation of these inventories, as well as for the conduct
f environmental impact studies. The compilation of emissions invento-
ies requires gathering technical and operational data for various ship
ypes operating in the area under consideration. In some relevant stud-
es, this data is extracted from the Automatic Identification System and
ombined with multi-fidelity modeling approaches. Relevant examples
re the works of the Finnish Meteorological Institute (FMI), conducted
2

nitially for the Baltic Sea (Jalkanen et al., 2009) and then extended
o most of the European sea areas (Jalkanen et al., 2016), and the
orks of the Swedish Meteorological and Hydrological Institute, for the
altic Sea (Segersson, 2013). In particular, the Ship Traffic Emission
ssessment Model (STEAM) developed by FMI (Jalkanen et al., 2009,
016) is one of the most detailed and widely used models (Corbett
t al., 2016; Zhang et al., 2017; Majamäki et al., 2021).
The most common approach in these studies is to consider the

otal emissions as the sum of each vessel’s emissions operating in
he investigated area. The latter is assessed by using average data
rom broad ship type classes (Jalkanen et al., 2016) due to the high
umber of vessels operating at the same time. Whereas this approach
llows for a numerically inexpensive assessment of a complex scenario,
everal key elements can be inaccurate. For instance, the dependence of
missions on the engine type, fuel type, and sailing mode (i.e., cruising,
anoeuvring) is difficult to capture (Trozzi, 2010). Moreover, the
ependence of emissions on engine load, and hence on the encountered
eteo-marine conditions are also frequently neglected. An exception is
he STEAM model (Jalkanen et al., 2016), which accounts for meteo-
arine conditions considering the effect of the added resistance in
aves to the engine load. In particular, the model applies a speed
enalty (Jalkanen et al., 2009; Townsin et al., 1993) that has a very
implified dependence on the main particulars of the vessel (e.g., ship
ype and displacement) and that is related to the metocean conditions
nly through the Beaufort number. Also, winds and marine currents
ould be accounted for, but these are considered less relevant because
sort of cancellation is expected due to mutual cancellations of the
avorable and unfavorable conditions in averaging over long time
eriods (Jalkanen et al., 2016). However, further studies should be
erformed to systematically and precisely evaluate the real relevance of
he different environmental factors on the overall emission pattern in
given area, also considering possible evolution trends due to climate
hange.

.3. Detailed modeling approaches

Approaches based on detailed modeling of ship performance in
elation to environmental conditions have been developed both in the
ontext of ship design and ship trials data processing (Lewis, 1988;
ertram, 2011; Vossen et al., 2013; Papanikolaou, 2019; Calleya et al.,
015; van den Boom et al., 2006; International Standards Organization,
015) and in the context of weather routing and operational guidance
ystems (Pacheco and Guedes Soares, 2007; Simonsen et al., 2015; Lu
t al., 2015; Yoon et al., 2017; Perera and Soares, 2017; Spentza et al.,
017; Nielsen and Jensen, 2011; Oikonomakis et al., 2019; Takami
et al., 2021). In these kinds of studies, the main focus has traditionally
been more on ship performances than on the topic of ship emissions,
which have been treated less frequently and, in most cases, as an
indirect consequence of fuel consumption. In recent years, the growing
concern about atmospheric pollution brought the ship emissions topic
under direct focus, with the consequence of a growing number of
studies directly focused on it. A great concern is related to the effects
of some of the pollutants on the climate system as Green House Gases
(GHGs), and among these, the greatest focus is on CO2. For a sound
evaluation of such effects, the whole global shipping activities should
be correctly evaluated and included in total CO2 global budgets (Bal-
samo et al., 2021; Janssens-Maenhout et al., 2020; Bousserez, 2019;
Crisp et al., 2015). Moreover, the direct effects of many pollutants on
human health and on specific natural ecosystems are of great concern.
For these topics, air quality modeling studies are needed, especially
in correspondence with particularly sensitive land areas such as ports
(with their surroundings) and coastal areas characterized by crowded
coastal navigation.
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1.4. Aim and contribution

In the present work, a detailed approach is adopted for assessing
the ship performances, pollutant emissions, and the effects of the
environmental conditions. On one side, a detailed treatment is adopted
for modeling the evolution of ship performance and the consequent
increment of emissions due to heavy weather, allowing a description
of the intensity of pollution emissions sources, specifying ‘‘how much,
where and when’’ these take place. On the other side, starting from
such a quite precise specification of how much, where, and when, the
atmospheric dispersion processes of the emitted pollutants are modeled,
to estimate where (and when) they go. This modeling approach is
too computationally intensive to be adopted in the construction of
emissions inventories but could help to deepen the analysis of the
involved dynamics, increase the awareness of the importance of several
details, and allow the implementation of new and improved approaches
for the simplified modeling to be adopted in this field.

In this framework, the authors have implemented and tested an inte-
grated modeling system aimed at the realization of detailed along-route
simulations of emission dynamics and the corresponding pollutant
dispersion. The system can exploit the detailed meteo-marine data
produced by mesoscale weather and wave forecasting models for simu-
lating both ship performance and emissions and the latter’s fate in the
atmosphere.

The system is composed of the following modeling blocks:
• Meteorological and wave forecast models: to simulate the
environmental metocean conditions in the area of interest, for a
time interval covering the whole voyage duration.

• Ship performance models: to simulate the ship seakeeping re-
sponses and the corresponding powering performance and fuel
consumption along the given route, by accounting for the main
aero-hydrodynamic interactions with the environment, according
to the metocean conditions from the first modeling block.

• Propulsion Diesel engine and emissions models: to obtain a
detailed estimate of the main pollutants emission rates and whole
route cumulates, based on the powering demand estimated by the
second modeling block.

• Pollutants dispersion model: to simulate the fate in the at-
mosphere of the pollutants with local effects, by utilizing the
emission rates, along route ship positions and timing, as estimated
by the third module and in the same meteorological conditions
from the first module.

fter a description of the integrated modeling system, its functioning
s analyzed by considering NOx, SO2, PM10 and CO2 emissions from
a typical high-speed Ro-Ro ship with realistic meteo-marine conditions
in two opposite case studies: one in nearly completely calm weather,
and the other in heavy weather conditions.

This will demonstrate the various levels of analysis allowed by
such a system regarding ship fuel consumption and the related main
pollutants emissions. These range from the evaluation of emission
rates along route profiles, with their linkage to the corresponding
encountered metocean conditions, passing through the estimation of
whole route emission cumulates, till to the generation of temporal
sequences of density maps for the analysis of the space–time evolution
of the atmospheric concentration values for all the studied pollutants,
so as produced by the dynamical interplay between the ship specific
technical details, and the realistic metocean conditions encountered
along the route. The resulting picture is quite exhaustive and has a
relevant potential for useful applications in diverse scientific studies,
shipping management, and operational contexts, and we also foresee
applications in the emission inventories field.

The rest of the paper is organized as follows. Section 2 gives a
ynthetic description of the state-of-the-art of the different modeling
pproaches adopted in our work. Section 3 gives a detailed description
f the integrated emission modeling system developed in the present
3

ork. Section 4 gives an overview of the case study, describing the
vessel, the propulsive system, and the commercial route under investi-
gation. Section 5 discusses the results obtained, and finally, conclusions
re drawn in Section 6.

. Related works

In this section, a detailed state-of-the-art is reported for each one of
he modeling blocks described in Section 1.

.1. Meteorological and wave forecast models

In detailed Air-Quality studies over large areas, as in the cases im-
lied by marine navigation, the more complete and convenient means
o specify the environmental conditions is to use data from numerical
eteo-marine hindcasting and forecasting models. Thanks to the use of
ophisticated techniques (data assimilation techniques (Kalnay, 2003;
barbanel, 2013)) to merge all the available observed data with the
eophysical system physics implemented in the models, these data
epresent the optimal blending of observations and models, exploit-
ng both the proximity to the real conditions from the former and
he physical consistency and space–time uniformity from the latter.
hey are produced at forecasting centers by software chains com-
osed of meteorological forecast models (Kalnay, 2003; Coiffier, 2011;
ielke, 1984), in which wind data are used to drive, in a one-way
ascade mode, marine waves forecasting models (Komen et al., 1994;
avaleri et al., 2007; Ardhuin, 2021). Moreover, forecast for wind
nd other atmospheric variables, characterizing atmosphere-sea fluxes
hrough the air-sea interface, are used to force marine hydrodynamics
odels (Miller, 2007; Kämpf, 2010). As an improvement to these
ne-way cascade mode linked models’ chains, two-way dynamically
oupled atmosphere-waves-ocean modeling systems have been devel-
ped (Valcke et al., 2012; Ličer et al., 2016), and their application
n operational forecasting contexts is promisingly growing. Modern
eteo-marine hindcasting and forecasting models are full physics ap-
roaches, where most of the implied physical processes are explicitly
odeled by the application of the Physics general principles for all the
odel-resolved dynamics. Only the finest unresolved scales are treated
y semi-empirical approximations schemes or parameterizations. The
lobal meteorological and oceanographic forecasting framework1 is
ased on observing and modeling/forecasting components, all linked
y highly efficient data transmission channels. The atmospheric mod-
ling/forecasting component is composed of Global Models (GMs) and
egional Limited Area Models (LAMs). On the one side, these latter,
ith their built-in detailed physics content (generally Mesoscale mod-
ls (Pielke, 1984)), allow the simulation of atmospheric dynamics at
uite a high resolution but at a relevant computational cost. Due to
his, they are run on a ‘‘Limited’’ portion of the globe. Conversely,
Ms are run at a coarser resolution with less explicit physics. Hence,
hey allow to cover the whole earth globe (Kalnay, 2003). GMs are
perationally run by large international centers, and are initialized
y a huge amount of quality checked observational data through so-
histicated data assimilation techniques. This is only possible through
arge international collaborations, capable of timely collecting and
rocessing a huge flux of global observed data (from ground stations
nd radars, vertical soundings, ships, buoys, aircrafts, and satellites)2.
ach LAM model run mandatorily needs to be fed with boundary
onditions from a GM run in order to guarantee the flux, through LAM
oundaries, of information about the surrounding dynamics. Moreover,
nitialization data from GMs are a mandatory source of information
rom the observed conditions for defining the initial state of LAM model
uns. In frontier research on LAMs, data assimilation techniques are also

1 https://public.wmo.int/en/programmes/global-data-processing-and-
orecasting-system
2 https://public.wmo.int/en/programmes/global-observing-system

https://public.wmo.int/en/programmes/global-data-processing-and-forecasting-system
https://public.wmo.int/en/programmes/global-data-processing-and-forecasting-system
https://public.wmo.int/en/programmes/global-observing-system
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directly applied to them to improve the definition of their initial state,
thanks to high resolution observational data, if and when available.
On the other hand, the growth of computing power and the efficient
blending of traditional modeling and data-driven machine learning
techniques are progressively allowing global atmospheric simulations,
with a seamless treatment of most of the dynamics from the large scale
to very local ones, at quite high resolutions, before only reachable by
LAMs (Buizza et al., 2022; Schneider et al., 2022; Bonavita et al., 2021).
n analogous framework can also be described for oceanographic
odels (Pinardi et al., 2017; Moore et al., 2019). Wave forecasting
odels (Komen et al., 1994), if configured over enclosed marine basins,
an be run without a strong need for boundary conditions for almost
ll the computational domains. In the case of wave forecasting over the
editerranean Sea basin, the only boundary condition dependent areas
re those around the two narrow inlets at Gibraltar and Dardanelles.
or wave model run initialization, restart data generated by the an-
ecedent run are generally used because wave motion is strongly wind
riven and model non-linearity is not so effective in producing rapid
orecast spreading. However, improvements in initial state definition
an be attained by adding wave data assimilation stages (Lefèvre and
ouf, 2012; Houghton et al., 2022).

.2. Ship performance models

A key algorithmic block for detailed and reliable estimation of
missions from a given ship at sea is the simulation of its performance.
n particular, the task of such algorithms is to estimate the seakeeping
nd powering performance of the ship in relation to the meteo-marine
onditions encountered along the route. Seakeeping performance is
onnected with the state of oscillatory motions of the ship in response
o the encountered environmental conditions. Powering performance
s connected to the functioning of the ship’s main engine(s) and pro-
eller(s), which ultimately determine the fuel consumption and the
orresponding pollutant emissions. Seakeeping and powering perfor-
ances are strongly related. The state of motion of the ship is caused
y the interplay between the average ship speed and meteo-marine
onditions, and it contributes to the total amount of resistance to be
ounterbalanced by the action of the engine-propeller system. In turn,
t the same time, the feasibility of a given value of the average ship
peed and the corresponding power requirement from the engine are
etermined by the capability and efficiency of the engine-propeller sys-
em to cope with the encountered meteo-marine conditions. Finally, the
elevant outputs of powering performance computations, namely the
equired power and the corresponding engine(s) RPM rate(s), are the
ata required for a sound estimation of the pollutants emissions. This
atter stage of the computation is done based on detailed engine models
hat are parameterized by the main engine type and corresponding con-
tructor data sheets. The algorithms applicable in our approach to ship
missions computations are those originally developed for evaluating
eakeeping and powering performance in ship design (Lewis, 1988)
nd that have also been adapted for weather routing applications. A
ierarchy of different approaches has been developed for this, with dif-
erent levels of accuracy and corresponding computational cost (Dern
t al., 2016; el Moctar et al., 2021; Carlton, 2018). The techniques
pan from the complex and computationally heavy CFD (Computa-
ional Fluid Dynamics) and RANSE (Reynolds Averaged Navier–Stokes
quations) techniques (Kim, 2011; Tezdogan et al., 2015), able to
imulate free surface and viscous phenomena (Kim et al., 2011) with
igh detail (but at a very relevant computational cost), passing through
ES (Large Eddy Simulations) for propellers (Carlton, 2018), to arrive
o time domain and frequency domain potential methods, that allow
ome savings in computational effort, due to opportune simplifying
ypotheses on the characteristics of the involved fluids and their fluxes
nd interactions with ships structures at sea. For the goals of this
tudy, the most complex algorithms cannot be applied due to their huge
4

omputational requirements. An acceptable compromise here is to work
n a basically linear slender body approximation framework, adopting
strip theory. This is usually done in the preliminary phases of ship
esign and most of weather routing applications (Journée and Meijers,
980; Grigoropoulos et al., 2003; Pacheco and Guedes Soares, 2007;
sujimoto and Orihara, 2019; Zhang et al., 2020; Mittendorf et al.,
022; Orych et al., 2023). If necessary, the relevant non-linearities can
e accounted for by ad-hoc addition of correction terms. A standard
oftware suite for seakeeping is SMP (Conrad, 2005) and a benchmark
tudy of several seakeeping software systems can be found in Gourlay
t al. (2015), while interesting, more complex variants can be found
n Parisella and Gourlay (2016), Veen and Gourlay (2012). Once com-
uted the seakeeping state of a ship, in given environmental conditions,
ts powering state, i.e., the required power, engine RPM and ensuing
uel consumption rate, are estimated by accounting for the interplay be-
ween the hydrodynamic responses of the ship and the power available
rom the propulsion system, by applying standard powering computa-
ional algorithms (Carlton, 2018), i.e., as done in Yum et al. (2017).
In recent years, the relevant pressure towards decarbonization in ship-
ping brought a further push towards the development of innovative
powering computational algorithms (ZeroNorth, 2022; Wartsila, 2022)
by also exploiting Machine learning (ML) and Artificial Intelligence
(AI) approaches, e.g. see Coraddu et al. (2017), Tay et al. (2021), Kim
et al. (2020), Zhu et al. (2021), Lee et al. (2022). After the required
power and corresponding engine RPM have been computed, accounting
for the metocean conditions encountered in each way point of the
analyzed route, an internal combustion engine simulation module can
be run in order to perform detailed pollutants emission computations.
In particular, in the following, we focus on Diesel engines (DEs).

2.3. Propulsion diesel engine and emissions models

For the majority of the vessels operating today, the main DEs,
and to a lesser extent the auxiliary engines, are the main sources of
emissions on-board (Baldi et al., 2014, 2015). Therefore, it is nec-
essary to accurately estimate the main performance parameters and
emissions from these energy sources. For this task, various computer
modeling methodologies have been developed, able to represent the
physical processes that occur in a DE under steady-state and transient
conditions. Depending on the application requirements, mathematical
representations of a varying range of accuracy and computational
complexity are available in the literature, which are broadly classified
into two categories (Grimmelius, 2003), including Physical Models
(PMs) and Data-Driven Models (DDMs). PMs, rooted deeply in first
principles, serve as the backbone for understanding complex systems
by relying on foundational laws and core scientific principles. These
principles could range from thermodynamics and fluid mechanics to
combustion kinetics, ensuring that the models provide a comprehensive
representation of the actual processes occurring within the engine. Due
to their inherent accuracy and the depth of insight they offer, PMs
have been the subject of extensive research over the years. Scholars
and industry professionals alike have favored these models when it
comes to engine performance investigations (Kalikatzarakis et al., 2021;
Coraddu et al., 2021b; Tsitsilonis et al., 2023; Baldi et al., 2015). Their
widespread acceptance is attributed to their ability to offer predictive
insights, adaptability to different engine types, and the reliability of
results, making them indispensable in both academic research and
practical applications in the field of engine dynamics and performance
optimization. Among those, the most widely employed are Mean
Value Engine Models (MVEMs), which provide adequate accuracy in
the prediction of most engine parameters while being computationally
cheap (Malkhede et al., 2005; Guan et al., 2014; Theotokatos, 2010;
Grimmelius et al., 2010; Theotokatos, 2008; Nikzadfar and Shamekhi,
2015; Geertsma et al., 2017; Theotokatos et al., 2018). More sophisti-
cated approaches are zero-dimensional (0D) to three-dimensional (3D)
models, which operate on per per-crank angle basis, allowing the

calculation of time-varying parameters of the gas within the engine
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i

cylinders during one crankshaft revolution (Wang et al., 2020; Xiang
t al., 2019; Mohammadkhani et al., 2019; Sapra et al., 2020; Catania
t al., 2011; Asad et al., 2014; Finesso and Spessa, 2014). Naturally,
hey are more computationally demanding than MVEMs, however, they
an predict the detailed gas processes inside the cylinders with higher
ccuracy (Stoumpos et al., 2018, 2020). Several attempts to combine
oth approaches have also been proposed and utilized in a variety of
pplications, reportedly surpassing the predictive abilities of MVEMs
ith lower computational requirements than their 0D counterparts (Li-
anos et al., 2007; Ding et al., 2010; Baldi et al., 2015; Maroteaux
nd Saad, 2015; Tang et al., 2017). In general, state-of-the-art PMs
chieve errors well within the tolerance margins provided by engine
anufacturers in steady state conditions, whereas reported results dur-
ng transient operations tend to be less accurate on average (Stoumpos
t al., 2018). DDMs have been successfully applied in a variety of mar-
time applications, provided that the necessary quality and quantity of
istorical data is available. Most commonly employed for the prediction
f emissions and performance of DEs are Artificial Neural Networks.
here is universal agreement that DDMs can provide highly accurate
esults, at very low computational cost, w.r.t their PM counterparts.
or instance (Nikzadfar and Shamekhi, 2014; Shin et al., 2020; Özener
t al., 2013; Syed et al., 2017; Liu et al., 2018), all report errors lower
han 3% in the prediction of most engine performance parameters and
mission rates. In summary, PMs can adequately capture most process
arameters of a DE under a broad range of operating conditions.
owever, there is a clear trade-off between accuracy and computa-
ional speed. The most accurate 3D models cannot run in real-time,
hereas MVEMs lack accuracy, especially during transient operations.
DMs can provide highly accurate results with low computational cost,
owever, they can only be employed when the necessary amount of
istorical data is available.

.4. Pollutant dispersion models

Numerical pollutant dispersion models can be split into the fol-
owing categories: (i) Gaussian models, (ii) Eulerian models, and (iii)
agrangian models.
(i) Gaussian models are based on a stationarity assumption for

ind and turbulence and model pollutants emission in terms of point
ources. Under these simplifying hypotheses, an analytical solution for
he pollutants transport equation is available, in terms of Gaussian
oncentration plume (Stockie, 2011), that allows acceptable levels of
pproximation on the very local scale. Consequently, they are charac-
erized by simplicity of application, do not require huge gridded input
eteorological datasets, and can be run in very limited computational
imes also on portable devices. Due to these characteristics, Gaussian
odels are a standard for regulatory modeling in many environmental
nd industrial contexts and are also used both for on-site decision-
aking in emergencies and for estimating local scale effects due to long
erm continuous pollution emissions (Cimorelli et al., 2005; Holmes and
orawska, 2006; Leelőssy et al., 2018). On the other hand, it must be
ointed out that their accuracy becomes scarce over spatial scales of
few tens of kilometers or in complex conditions (e.g., in complex
rography or wind shear conditions).
(ii) Eulerian models allow the determination of the space–time

ields of pollutants concentrations by solving the atmospheric transport
quations, starting from the given initial conditions and imposing the
ppropriate boundary conditions. Moreover, they require a significant
mount of data from Numerical Weather Prediction (NWP) models in
rder to define the atmospheric state and flux conditions during the
hole simulation. The atmospheric transport equations are formulated
sing a set of space–time second-order Partial Differential Equations
PDEs) (Collett and Oduyemi, 1997). Due to the inherent complexity
f such a system of equations, no general analytic solution is available,
5

nd numerical integration approaches are needed to solve these PDEs
n the different application cases. Despite the availability of power-
ul numerical approaches, their solution is generally time consuming.
evertheless, Eulerian models are used in decision support applica-
ions and environmental protection contexts. In order to optimize the
omputational times and accuracy requirements, such models are run
n parallel computing architectures (Alexandrov et al., 2004; Dabdub
nd Seinfeld, 1996; Molnar Jr. et al., 2010), or adopting adaptive
ridding (Garcia-Menendez and Odman, 2011).
(iii) Lagrangian particle dispersion models are based on a stochastic
odeling approach, where the total released mass is subdivided into
ortions, generating a set of ‘‘Lagrangian parcels’’ whose positions must
e determined to solve the pollutants transport problem. The evolution
f each ‘‘Lagrangian parcel’’ is modeled as being composed of two
ontributions: the advection, implied by the local wind (whose field
s obtained from an NWP model), and the turbulent random walk,
orresponding to a Markow process described by the corresponding
angevin equation (Pozorski and Minier, 1998) as implied by the local
urbulent state of the atmosphere. The solution of the resulting first-
rder stochastic Ordinary Differential Equations (ODEs), in terms of
he time evolution of the positions of all the ‘‘Lagrangian parcels’’,
etermines the time evolution of the pollution spatial pattern. The
omputational cost of a Lagrangian model implementation depends on
he number of parcels whose stochastic motion has to be computed. In
any cases, a sufficiently good first guess approximation of the main
irection of pollution dispersion can also be obtained with a small
umber of parcels. A further common approximation is obtained by
eglecting the turbulent diffusion term and computing the deterministic
rajectories as implied by the large-scale wind (Neroda et al., 2014).
his provides a quick outlook on the main pathway of pollution disper-
ion, allowing a first quick estimate of the more likely affected areas,
ithout using a computationally heavy large domain Eulerian model
r a time consuming solution, a fully stochastic Lagrangian model with
any particles.
Mixed approaches have also been developed, such as Lagrangian–

ulerian or Lagrangian–Gaussian hybrids. An example of such hybrids
s offered by the puff models (Draxler and Hess, 1998; Thykier-Nielsen
t al., 1999), i.e., Gaussian–Lagrangian models where spatially ex-
ended Gaussian puffs substitute the ‘‘Lagrangian parcels’’. In such
ybrid models, the motion of the puff is simulated with Lagrangian
lgorithms, and the turbulent spread of the distribution, internal to
ach puff, is modeled in terms of a Gaussian-like parameterization. The
inal superposition of all the modeled puffs, each with its Gaussian
preading, determines the pollution concentration results. Within a
uff, the assumptions of the Gaussian model must hold. Therefore,
puff splitting algorithm is applied within each puff to limit errors
aused by the increasing puff size, thus guaranteeing the conditions of
pplicability of the Gaussian approximation (Draxler and Hess, 1998).

. The integrated modeling system

The integrated simulation modeling system developed in this work
s composed of four stages and is reported in Fig. 1

• First stage - Environmental metocean conditions: consists of
generating detailed data using state-of-the-art meteorological and
wave forecast models.

• Second stage - Ship performance along the route: data from
metocean models (in particular wind and seaway conditions) are
used to compute the ship performance in correspondence with
each way point of the considered route.

• Third stage - Ship emissions: powering performance data are
used to compute the ship emission rates of the relevant pollutants,
in correspondence with each way point of the route.

• Fourth stage - Pollutant dispersion: emission rates together with
the same atmospheric forecast data, are used to feed state-of-
the-art pollutant dispersion models to evaluate the corresponding
evolution in the atmosphere of each modeled pollutant.

A detailed description of each modeling stage is given below.
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Fig. 1. Scheme of the four stages of the integrated modeling system. Left (blue): 1st stage, metocean models. Center (red): 2nd and 3rd stages, ship performance and emission
models. Right: 4th stage, pollutant dispersion models. Data flux is schematically indicated along connecting arrows.
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3.1. First stage: metocean conditions

In this work, the authors used meteo-marine data from the Con-
sorzio LaMMA operational forecasting system.3 The meteorological
component is based on the mesoscale meteorological Weather Re-
search and Forecasting (WRF) model,4 with initialization and boundary
conditions from the American global model (National Oceanic and
Atmospheric Administration, National Centers for Environmental Pre-
diction (NCEP), Global Forecast System (GFS)). The post processing
stages of the WRF model allow the output of a wide range of mete-
orological variables, starting from the standard prognostic ones wind,
pressure, temperature, and humidity (defined over the whole computa-
tional area and on all the model height levels) till to several derived
quantities, typically utilized in the operational weather forecasting
practice. The standard prognostic variables at the lowest model output
levels are those needed for driving the other models in the integrated
chain described in this work. In particular the wind, at the standard
height of 10 m, is used as the main forcing for the wave forecasting
model, while for the air quality modeling stages atmospheric vertical
profiles of wind, temperature, pressure and humidity are needed. Con-
sorzio LaMMA wave forecasts used in this system are generated by
running, in cascade with respect to WRF model runs (i.e., by using
10 m wind data from it), the third-generation spectral wave model
Wavewatch III5 (WW3) (Tolman et al., 2009). The resulting wind-wave
forecasting operational chain is run two times a day (initialization at 00:
00 and at 12: 00 UTC) over the whole Mediterranean Sea (WW3) (Tol-
man et al., 2009) for the next five days at a resolution of about 12
m. The post processing stages of WW3 model allow the output of
any wave forecast parameters over the whole computational domain.
hese comprise the wind from WRF model, the standard (spectrum
verages) quantities such as significant wave height, mean wave period
nd direction. Moreover, it is also possible to have the output of
he complete wave spectrum (discretized over the model frequency-
irection computational grid) in correspondence with user-required
oints. Of all these data, the integrated system utilizes wind and whole
pectral data over all the route’s way-points to drive the computation
f ship seakeeping and powering performance along each route. The
lux of the main data streams in the integrated system, schematically
llustrated in Fig. 1, will be further described in the next sections
evoted to the other stages.

3 http://www.lamma.rete.toscana.it/mare/modelli/vento-e-mare
4 https://www.mmm.ucar.edu/weather-research-and-forecasting-model
5

6

https://polar.ncep.noaa.gov/waves/wavewatch/
3.2. Second stage: ship performance along the route

The ship performance along a given route is computed through the
SPAR (Seakeeping and Powering Along a Route) computational suite.
It has been developed in Orlandi and Bruzzone (2012), Orlandi (2012)
nd subsequently applied in weather routing related studies (Orlandi
t al., 2015). It is composed of a main procedure that drives the whole
omputation process along with the WayPoints (WP) of a given route
y extracting wind and wave data at the correct space–time positions.
hese are used to perform seakeeping and powering computations. The
ain idea implemented in SPAR is that the propulsive engine load
nd the consequent propulsive requirements are evaluated through the
ynamic balance between propeller(s) thrust and ship’s total resistance
y powering computations, implemented by applying standard algo-
ithms (Carlton, 2018; Coraddu et al., 2014). In this process, the total
esistance of the ship is evaluated by considering the effects of the
nvironmental conditions through seakeeping computations. The SPAR
lgorithm outputs a set of data for each WP of the route. Many of
hem are useful for weather routing applications, e.g., significant ampli-
udes of seakeeping motions, main components of ship resistance, and
orresponding fuel consumption rate. The SPAR output variables most
elevant for the computation of ship emissions are the required power
nd propeller RPM rotational speed, characterizing the equilibrium
orking point of the engine and propeller (Orlandi, 2012) in corre-
pondence of the powering load due to the total resistance, computed
or each WP. SPAR allows the simulation of different powering configu-
ations, like different numbers of active engines and different propeller
itch values. This latter possibility has been exploited to investigate
he feasibility of metocean dependent combinator settings in Coraddu
t al. (2012). It was a preliminary study whose implementation had
the potential of adding a further level of optimization for the powering
conditions of ships equipped with CPP. Seakeeping computations in
SPAR are based on the strip theory (Ogilvie and Tuck, 1969), in
particular, a modified version of the Public-Domain Strip (PDSTRIP)6
program (Bertram et al., 2021) is used (PDSTRIP-SPC) (Orlandi, 2012)
that allows the computation of significant responses by using numerical
directional wave spectra from WW3 model, thanks to the fact that the
general framework of strip theory (Bertram, 2011) is compliant with
the linear wave superposition approximation implied by the adoption
of a spectral approach (Price, 1974). In SPAR, the total ship resistance
is evaluated in terms of the standard decomposition with three main
components as reported in Lewis (1988), according to Eq. (1):

𝑅𝑇 = 𝑅ℎ𝑢𝑙𝑙 + 𝑅𝑎𝑤 + 𝑅𝑤𝑖𝑛𝑑 (1)

6 https://sourceforge.net/projects/pdstrip/

http://www.lamma.rete.toscana.it/mare/modelli/vento-e-mare
https://www.mmm.ucar.edu/weather-research-and-forecasting-model
https://polar.ncep.noaa.gov/waves/wavewatch/
https://sourceforge.net/projects/pdstrip/
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Fig. 2. Added Resistance in waves Operator 𝐴𝑅𝑂 computed by PDSTRIP-SPC (Orlandi, 2012).
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where 𝑅ℎ𝑢𝑙𝑙 is the calm-water resistance (Birk, 2019) that depends on
ship hull form, hull appendages, loading and trim conditions (Reichel
et al., 2014), and speed through water, 𝑅𝑎𝑤 is the added resistance
in waves (Blendermann, 2013), due to the hydrodynamic interaction
of the ship with the field of the encountered marine surface waves,
and where 𝑅𝑤𝑖𝑛𝑑 is the wind added resistance (Lewis, 1988), due to
the interaction of ship superstructures with the surrounding air. In
PDSTRIP-SPC, the value of 𝑅𝑎𝑤 for generally confused seaways is nu-
merically computed in terms of the frequency-directional integral of the
product of the Added Resistance Operator (𝐴𝑅𝑂) and the directional
wave spectrum from the WW3 model, according to Eq. (2):

𝑅𝑎𝑤 = 2∫

∞

0 ∫

2𝜋

0
𝐴𝑅𝑂

(

𝜔, 𝜃𝑟𝑎𝑤
)

𝑆𝜁
(

𝜔, 𝜃𝑟𝑎𝑤
)

𝑑𝜃𝑟𝑎𝑤𝑑𝜔 (2)

where 𝐴𝑅𝑂(𝜔, 𝜃𝑟𝑎𝑤) is the longitudinal component of the drift force
in regular waves per (regular) wave amplitude squared (Faltinsen,
1993), 𝑆𝜁 (𝜔, 𝜃𝑟𝑎𝑤) is the directional wave spectrum, and the integration
variables (𝜔, 𝜃𝑟𝑎𝑤) are the wave angular frequency and the ship-relative
wave direction. The 𝐴𝑅𝑂 functions are strongly vessel dependent and
must be evaluated for the specific vessel loading conditions and each
value of the speed through the water in the speed range of interest. In
Fig. 2, examples of the 𝐴𝑅𝑂 function computed by PDSTRIP-SPC for
the vessel described in Section 4 are reported. In particular, the 𝐴𝑅𝑂
polar diagrams computed for a speed through the water of 18 and 24
knots are shown in Fig. 2(a) and (b), respectively. These have been
computed on a grid of wave directions in the 0–360◦ interval, with steps
of 10◦, in the azimuthal direction and wave period values in the radial
direction, covering the interval from 3 to 18 s (radial coordinates, green
circles every 2 s). The obtained results are in good accordance with
other literature results (Matulja et al., 2010).

The wind added resistance term depends on the total ship-relative
wind 𝐔𝑟, resulting from the vector composition of the ship speed over
the ground with the wind due to meteorological conditions, and can be
evaluated according to Blendermann (2013) in terms of:

𝑅𝑤𝑖𝑛𝑑 = 1
2
𝜌air𝐴𝑇𝑈

2
𝑟 𝐶𝑥

(

𝜃wind
)

(3)

where 𝜌air is the air density, 𝐴𝑇 is the ship frontal area, and 𝑈𝑟 is the
odulus of the ship-relative total wind vector. The longitudinal wind
esistance coefficient 𝐶𝑥

(

𝜃wind
)

depends on the ship above waterline
tructures and is a function of the ship-relative wind angle 𝜃wind. The
essel-specific 𝐶𝑥 coefficients can be experimentally estimated from
ind tunnel (Wang et al., 2019) or numerical simulations by means
f Computational Fluid Dynamic analyses (Saydam and Taylan, 2018).
n recent research activities, a different approach to ship performance
stimation has been developed based on the decoupling of the heaviest
omputational tasks, both for seakeeping and powering properties of
he ship, from the computationally lighter evaluation of ship perfor-
ance in correspondence with each particular metocean condition.
7

This decoupling is based on the pre-calculation of Look-Up Tables
(LUTs) where ship-specific aero-hydrodynamic and powering coeffi-
cients are computed and stored once and for all and whose utilization
for ship performance evaluation in realistic metocean require only
light computational tasks. This LUTs-based computational approach,
as described in Orlandi et al. (2021, 2022), has already been imple-
ented in a prototype ECDIS interface in the general framework of
-navigation and also performing rough numerical tests for sail-assisted
hips (Orlandi et al., 2022). It could be further extended to estimate
ship emissions, trying to exploit its potentialities in combining a good
level of modeling details with a quite low computational cost to allow
a quite detailed accounting of meteocean contributions to pollution
emission dynamics also in the context of computationally intensive
practices as for the construction of emission inventories. Furthermore,
utilizing a modular approach, especially one grounded in LUTs, aligns
seamlessly with the burgeoning integration of machine learning and
big data techniques in ship modeling. This synergy allows for a more
dynamic and adaptive framework, catering to maritime simulations’
evolving complexities and demands. For more insights and applications
in this realm, refer to Guachamin-Acero and Portilla (2022), Taskar
and Andersen (2021). Moreover, a modular approach, as this is based
on LUTs, could be fit to be integrated with the growing application of
machine learning and big techniques in ship modeling.

3.3. Third stage: ship emissions

Accurate evaluation of the emissions, particularly in NOx forma-
tion, requires detailed modeling of the physical processes occurring in
the vessel’s Diesel engines. In the subsequent sections, we provide a
comprehensive overview of the Diesel engine modeling approach for
thoroughness. A more detailed explanation and validation results can
be found in Kalikatzarakis et al. (2021).

The Diesel engine model for the vessel has been designed using
modular approach, as displayed in Fig. 3. This model is not sim-
listic; it encompasses a multitude of key variables that are integral
o accurately representing an engine’s operation. Among the inputs,
eometric engine data accounts for physical attributes like the size of
he cylinder, piston stroke length, and other key measurements that
ffect engine operation. Intake and exhaust valve profiles are also
rucial, as they dictate the timing and degree of air and exhaust gas
low, impacting engine performance. The performance maps for the
ompressor and turbine contribute to the model by demonstrating the
elationship between the input variables (like pressure, temperature,
nd speed) and output performance. Additionally, the waste gate’s
eometric details and control information are vital in modulating the
ngine’s boost pressure and ensuring optimal performance. The engine
ub-model constants play a significant role in predicting the engine’s
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Fig. 3. Modeling approach of the Diesel engines.
perational efficiency. These include combustion constants that pre-
ict fuel consumption and emission rates, heat transfer constants that
valuate the engine’s thermal management, and friction constants that
uantify the engine’s mechanical losses. To simulate the engine’s real-
orld operating environment, the model takes into account the engine’s
perating condition (load/speed), which is critical for defining the
ngine’s output power, and the surrounding environmental conditions,
uch as ambient temperature and pressure, which can significantly
mpact the engine’s performance. Lastly, the model also necessitates
nitial conditions for the working medium. These conditions relate to
he temperature, pressure, and composition of the gases (like air and
xhaust gases) in the engine’s cylinders, pipes, and receivers at the
tart of the simulation. These parameters are pivotal in initializing
he engine simulation and ensuring its accuracy. The elements within
he engine, such as the scavenging air (sc) and exhaust gas receivers
er) are simulated as flow receiver components, functioning as control
olumes. Components, including the compressor, air cooler, cylinders,
nd turbine are represented as flow elements in the model. The periph-
ries of the engine are modeled using fixed fluid elements, maintaining
onsistent pressure and temperature. In order to compute the rotational
peed of the turbocharger and crankshaft, shaft elements are employed
n the model. The engine governor plays a crucial role in modulating
he fuel rack position and integrating the necessary fuel rack limiters,
hus controlling the engine’s fuel injection and speed. The properties
f the air and exhaust gas have been considered functions of various
actors, namely temperature (𝑇 ), fuel-air equivalence ratio (𝜆), and
their composition (𝑋). Essential constituents such as oxygen, nitrogen,
carbon dioxide, and steam are considered for determining the exhaust
gas composition.

Every flow element in the model utilizes the open thermodynamic
system concept (Watson and Janota, 1982; Heywood, 1988), taking
pressure (𝑝), temperature, and the properties of the working medium
from adjacent elements as inputs. This concept aligns with established
studies on turbocharging and internal combustion engines (Casey and
Robinson, 2013). Subsequently, mass (�̇�) and energy flow rates en-
tering and exiting each element are calculated based on mass and
energy conservation principles. These flow rates then serve as inputs
for adjacent flow receiver elements. Torque outputs, on the other hand,
8

function as inputs for shaft elements. These shaft elements compute the
rotational speeds of the turbocharger (𝜔𝑡𝑐) and propulsion plant shafts,
employing angular momentum conservation.

The compressor model leverages its steady-state performance map,
estimated through the methodology outlined by Casey (Casey and
Robinson, 2013), while the turbine model incorporates its swallowing
capacity and efficiency map. Pressure losses within the air cooler and
air filter are related to the air mass flow rate, which also affects the ef-
fectiveness of the air cooler. In the scavenging air receiver model, heat
transfer is not considered, contrasting with the exhaust gas receiver,
where heat transfer to the ambient environment is computed. This
computation is based on the overall heat transfer coefficient, employing
a Nusselt–Reynolds number correlation for gas flowing within the
pipes, as referenced in Rohsenow’s 1985 handbook (Rohsenow and
Hartnett, 1988). Additionally, pressure losses within the exhaust gas
receiver are contingent on the exhaust gas mass flow rate.

The in-cylinder process utilizes a two-zone, zero-dimensional model
as articulated by Merker et al. Merker et al. (2005).

This model operates on a crank-angle basis, facilitating a detailed
per-cycle analysis of the engine’s crank rotation. This analysis employs
the mass and energy conservation equations, alongside the gas state
equation, solved in their differential form. This methodology allows
the computation of various parameters within the engine cylinders and
manifolds, including pressure, volume, temperature, and gas composi-
tion. Combustion is represented via a two-zone model, delineating a
zone containing combustion products and an unburned mixture zone,
again as proposed by Merker et al. Merker et al. (2005). The Woschni
heat transfer model, originating from Woschni (Woschni, 1967), and
extensively applied in a wide array of studies, is utilized to determine
the in-cylinder gas-to-wall heat transfer coefficient. Finally, the heat
release rate simulation adheres to the Vibe model, as outlined in Merker
et al. (2005).

The evaluation of combustion products utilizes the method delin-
eated by Rakopoulos et al. Rakopoulos et al. (1994). It is based on a
chemical equilibrium scheme that considers 11 species, obtained from
7 equilibrium equations and 4 linear atom balance equations. This
method is chosen due to its reported accuracy, small computational
cost, and validity against any fuel, expressed by the general chemical
form CxHyOzNw (Rakopoulos et al., 1994; Kalikatzarakis et al., 2021;

Coraddu et al., 2021b,a, 2018; Hanson and Salimian, 1984). It is worth
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noting that our study, which forms the foundation for broader research,
centers on key pollutants identified by current regulatory standards,
namely: NOx, SO2, PM10, and CO2 as reported in Tables 4 and 5
and their evaluation have been carried out in accordance with the
work of Diesch et al. (2013), Winnes and Fridell (2009), Di Natale and
Carotenuto (2015).

3.4. Fourth stage: pollutant dispersion

The adopted pollutant dispersion modeling approach is based on the
CALMET (Scire et al., 2000a) and CALPUFF (Scire et al., 2000b) model
system. CALMET is a diagnostic meteorological model that provides
hourly three-dimensional input fields to the Lagrangian dispersion
model CALPUFF. It plays the role of the numerical interface needed
to process the data from a generic meteorological forecasting model to
allow them to be properly utilized by CALPUFF. In the present imple-
mentation, such data are generated by the WRF meteorological model
as described in Section 3.1, and consist of wind and air temperature,
pressure, and humidity as shown schematically in Fig. 1 (blue arrow
entering the fourth stage block). The tasks performed by CALMET
consist not only of mere interpolations but also require modeling to
guarantee dynamical consistency. CALPUFF simulates the non-steady-
state transport, dispersion, removal, and chemical transformation of air
pollutants and calculates hourly concentrations at specified receptor
grids. This approach has already been proposed for the study of ships
emissions, as reported in Toscano et al. (2021), He et al. (2021),
Murena et al. (2018), Poplawski et al. (2011).

CALMET and CALPUFF are configured on a common computational
domain with the same resolution, and they operate with a terrain-
following vertical coordinate system. In the proposed configuration, the
horizontal spatial resolution is 9 Km, and in the vertical dimension,
there are 14 levels from 10 to 4,500 m, more densely spaced at the
lower surface.

The input for CALPUFF is completed by pollutants sources data,
which are characterized in terms of ship kinematics and the respective
emission rates, as schematically indicated in Fig. 1 (red arrow entering
the fourth module block). In the present modeling approach, the ship
emission process is schematized by sequentially activating a point
source for each route Way-Point (WP), namely Emission Way-Point
(EWP). Each EWP is activated when the ship passes it, in accordance
with route kinematics (i.e., ship speed of advance and along-route dis-
tances). To fit with the time resolution needed by CALPUFF, emission
rate data on EWP are obtained by linear interpolation of ship perfor-
mance data from SPAR on the route’s WPs. The pollutants modeled
in the fourth stage are those that can have a relevant local impact,
i.e., NOx, SO2 and PM10, whose Emission Rates (ERs) have been
estimated, for each EWP, as described above. For such pollutants, the
output stage of the fourth module allows the production of spatialized
maps of concentration, that convey a relevant piece of information for
evaluating their impact at the local level.

3.5. Overall system implementation

The whole integrated system, as described above, is characterized
by the extensive use of various models, both covering a wide range
of dynamical scales and touching several different scientific and engi-
neering disciplines. The main goal of the work reported here was to
demonstrate the feasibility of such a system and the richness of the
data that can be obtained through it. The analysis of the case studies
reported in the following paragraphs will illustrate such features.

It must be added that the whole system has been implemented
by adopting state-of-the-art models and widely used computational
approaches (albeit with some original developments) in order to al-
low a high level of applicability. The geophysical model components
(i.e., meteorological, waves, and pollution dispersion models) have
been implemented by utilizing well documented open source suites,
9

that are the result of decades of sound international scientific investiga-
tion in universities and research institutions, with countless validated
operational implementations around the world (as can be seen from the
references cited in Sections 3.1 and 3.4). The ship specific modeling
components are based on well documented common approaches in
naval architecture and marine engineering, with some relevant novelty
features, that are well documented in the author’s publications referred
to in Sections 3.2 and 3.3. The integrated implementation of the whole
system is, however, replicable, albeit the work of a multidisciplinary
team with working experience in the specific fields is required, and
enough computational power is needed for useful applications. Once
implemented, such a comprehensive system brings detailed ship per-
formance computing approaches used in ship design to be available for
pollutant emission and dispersion studies. This allows us to analyze the
roles of the different environmental and technological components with
a level of detail not available in the commonly used methods in the
fields of emissions and inventories. A further very relevant distinctive
feature of the system is that it gives full control of all the components,
allowing the analysis and fine tuning of all the modeling blocks to
obtain the best results by reducing the main errors and their combined
effects. It must be pointed out that every study or investigation devoted
to environmental dynamics and the effects of ‘‘technological assets’’
on the environment have, as an unavoidable and inherent feature, the
need to cope with a wide range of potential uncertainties interacting
between them and affecting the final results. The main features of this
are schematically summarized below.

• Environmental data: they are needed, but cannot be taken solely
from observations, due to the lack of uniform space–time cov-
erage of these latter. Data from metocean numerical models are
best suited under this respect but such models are strongly non-
linear, with sensitive dependence on initial conditions. Taking
them from ‘‘external’’ providers potentially opens a gap of un-
controlled source of errors. Some consequences of this have been
investigated in a recent work, in collaboration with one of the
authors (Bulian and Orlandi, 2022), in a slightly different field,
but with strong analogies with the present study. Hence, the
complete control over the whole chain of models allows to reduce
many of the uncontrolled sources of data spreading, with the ex-
ception of the unavoidable boundary and initial conditions from
Global Models. These latter are from very reliable international
meteorological centers.

• Technological assets: in some cases, their models exhibit less
complex behavior, but a quite high level of detail is needed to
treat them in realistic conditions. However, the behavior of ma-
rine systems, like ships, is strongly affected by the nonlinearities
brought in by their hydrodynamic components (Guedes Soares,
1991; Parunov et al., 2022; Mittendorf et al., 2022; Abdelwahab
et al., 2023), and by the thermo-fluid dynamics of the engines.
Hence, the capability to model many details and to tune the
detail level will be a strength point in further developments of
the system.

• The predictability limits of complex non-linear systems, as for
metocean environmental conditions, change with the system state,
so as it is itself considered as a prognostic variable. Due to
this, one of the main trends of metocean prediction is towards
probabilistic approaches, where the predictability of complex
non-linear systems is tackled by ‘‘ensemble techniques’’ (Council,
2012; Kalnay, 2003). A first investigation with such an approach
has been performed by the authors (Orlandi et al., 2015), and it
will be exploited in future developments.

The reliability and the limitations of the single model components of
the system have already been tested in the context of research studies
and of the operational activity of Consorzio LaMMA.78 The further step,

7 https://www.lamma.toscana.it/modelli/modelli-atmosferici
8 https://www.lamma.toscana.it/mare/modelli/ww3-info-sul-modello

https://www.lamma.toscana.it/modelli/modelli-atmosferici
https://www.lamma.toscana.it/mare/modelli/ww3-info-sul-modello
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Table 1
Main vessel characteristics.
Main particulars Unit Value

Full load displacement (Δ) [t] 15,470
Length between the perpendiculars (𝐿𝑝𝑝) [m] 160
Beam (𝐵) [m] 25
Propeller diameter (𝐷𝑝) [m] 5
Max pitch (𝑃𝑝) [m] 7.134
Number of blades (𝑍) – 4

Table 2
Main engine characteristics.
Engine characteristics Unit Value

Model – Wärtsilä 12V46C
Power output at MCRa [kW] 11,700
Cylinder number – 12
Engine speed [rpm] 500
Bore [mm] 460
Stroke [mm] 580

a Maximum Continuous Rating.

after the presently described feasibility investigation, will be a thorough
test and tuning phase, where the error characteristics of the whole
integrated system will be investigated, and its performance will be
optimized. In this phase, the systematic comparison with high quality
observed data will be of the greatest preminence, regarding both en-
vironmental data9 and in-service measurements of ship performances.
Comparisons with detailed studies of the impact of specific ship emis-
sions on coastal areas and islands, such as those in Becagli et al.
(2012, 2017), will also be performed and will help to test and tune the
system. In this phase of the study, the complex interrelations between
the metocean background states, the local atmospheric boundary layer
conditions, and the different contributions of ship traffic emissions will
be accounted for.

4. Case study description

In this section, the authors describe the case study vessel and three
different routes for which the powering performance and the corre-
sponding pollutant emissions will be forecasted. For these forecasts,
realistic meteo-marine conditions have been utilized through metocean
data from Consorzio LaMMA operational forecasting models, as de-
scribed in Section 3.1. Two scenarios have been studied characterized
y differing metocean conditions: a calm weather case and a heavy
eather case.
In this work, the availability of a quite complete dataset regarding a

eal RoPax ship has been exploited consisting of ship plans and sections,
ydrostatics, and loading, propellers, and engines. Such data enabled,
n the context of precedent studies (Orlandi et al., 2015), the generation
of most of the input needed to build the models and feed the SPAR Algo,
as described in Section 3.2. In particular, the vessel under investigation
s equipped with four Wärtsilä 12V46-C engines and two controllable
itch propellers. With the installed propulsive power, at 100% load
i.e., 11,700 kW for each of the 4 engines, at 514 rpm), the vessel is
apable of reaching 28 knots of maximal speed. The main particulars
f the vessel are reported in Table 1, while the characteristics of the
ngines are presented in Table 2.
The diesel engine power and fuel consumption rate are evaluated

ccording to standard algorithms as described in Section 3.2. The case
tudy vessel is simulated as performing the voyage from Genoa (Italy)
o La Valletta (Malta), taking into account two different speeds (i.e., 18
nd 24 knots), along three different routes, Route 00, Route O1, and

9 In-situ and satellite data from: https://data.marine.copernicus.eu/
products
10

h

Fig. 4. Case Study routes.

Route E1, as reported in Fig. 4. Route 00 (Fig. 4(a)) is the central
and shortest one, Routes O1 (Fig. 4(b)) and E1 (Fig. 4(c)) are Western
nd Eastern variants of it, respectively. In Table 3 the voyage data is
ummarized.

.1. Calm weather scenario

In this scenario, the weather conditions correspond to the departure
ime on 27th August 2015 at 12:00 UTC. In Fig. 5 the significant wave
eight (𝐻 ) maps together with the corresponding wind fields are
𝑠

https://data.marine.copernicus.eu/products
https://data.marine.copernicus.eu/products
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Table 3
Voyages data.
Ship Route Voyage
Speed [kn] Length [NM] Duration [h]

Route 00

18 585.2 32.5
24 24.4

Route O1

18 610.6 33.9
24 25.4

Route E1

18 641.1 35.6
24 26.7

reported for 27th August at 12:00 UTC (Figs. 5(a) and 5(b)), 15:00 UTC
(Figs. 5(c) and 5(d)), and 21:00 UTC (Figs. 5(e) and 5(f)).

From the figures, it is possible to observe the consequences of
the presence of a high pressure configuration over the Mediterranean
area, with the main maximum pressure located at the center of the
Tyrrhenian Sea. The resulting circulation was anti-cyclonic (clockwise)
with a very weak wind pattern and calm conditions, except for the area
of Sardinia Channel and surroundings, where relatively stronger winds
11

are present due to dynamic intensification. s
4.2. Heavy weather scenario

In this scenario, the weather conditions correspond to the departure
time on 1st October 2015 at 16: 00 UTC. In Fig. 6 the significant wave
eight maps together with the corresponding wind fields are reported
or three different times on 2nd October, 09:00 UTC (Figs. 6(a) and
(b)), 12:00 UTC (Figs. 6(c) and 6(d)), and 15:00 UTC (Figs. 6(e) and
6(f)).

In this case, the scenario is characterized by a very deep and
concentrated low pressure system over the Central Mediterranean Sea.
Its center spanned both Sardinia and Corse Islands, generating strong
winds and rough sea conditions. At the time of Fig. 6, the low pressure
enter was over Corse Island. Due to the cyclonic circulation, wind and
aves direction was from Southern quadrants over the Tyrrhenian Sea,
nd from Northern quadrants over the Ligurian and Corse Sea. These
etocean conditions generate significant head wind and head waves
long each one of the three studied routes. Differences between the
oyages are introduced by the different voyage timing and traversed sea
reas corresponding to each route and each selected ship speed value.

. Results analysis and discussion

In this Section, the results obtained with the integrated modeling
ystem described in Section 3, applied to the two scenarios of the case
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Fig. 6. Heavy Weather Scenario.
study proposed in Section 4 are reported and discussed. In Tables 4
nd 5 the main results of emissions simulation for the Calm Water and
eavy Whether scenarios are presented. More specifically, the total fuel
onsumption, total emitted NOx, SO2, PM10 and CO2 are reported for
hip speed values of 18 and 24 knots and for all voyages of the vessel
nder examination.
In particular, in the Calm weather scenario, the total ship resistance

𝑇 is essentially given by the calm water term 𝑅ℎ𝑢𝑙𝑙 plus a wind
dded resistance term 𝑅𝑤𝑖𝑛𝑑 solely due to the ship speed. In the Heavy
eather Scenario, for the most part of each voyage on all the routes,
eavy head wind and sea conditions are present, with a relevant
ncrease of 𝑅𝑇 , due to a greater 𝑅𝑤𝑖𝑛𝑑 and a due to very relevant values
f the added resistance in waves 𝑅𝑎𝑤. As a consequence, the heavy
eather causes a significant increase (w.r.t. the calm weather scenario)
n fuel consumption. In particular, it amounts to about 17% and 18%
long Routes 00 and E1, respectively, while along route O1, we have
lower 11% value, thanks to the partial sheltering effect of Course
nd Sardinia Islands. The computed pollutant emissions also show a
orresponding relevant increase due to heavy weather.
It is worth noting that the figures presented in Tables 4 and 5 are

essel-specific, shedding light on the actual emissions under certain
perational conditions of the particular ship under investigation. This
evel of specificity contrasts with the broader, averaged character of
ata in reports such as e.g. Cooper and Gustafsson (2004), Smith et al.
12
Table 4
Calm Weather Scenario results, computed total values of: fuel consumption, and emitted
NOX, SO2, PM10 and emitted CO2, for each route and at each ship speed.
Ship Total Total Total Total Total
Speed [kn] Fuel [t] NOX [kg] SO2 [kg] PM10 [kg] CO2 [t]

Route 00

18 81.78 5636.2 3430.7 489.2 251.6
24 108.96 7767.8 4728.2 674.3 338.1

Route O1

18 86.04 5945.4 3619.0 516.1 264.6
24 114.38 8139.8 4954.7 706.6 354.9

Route E1

18 88.32 6100.8 3713.5 529.6 271.6
24 117.96 8363.8 5091.0 726.0 365.9

(2014). The averaging process adopted in such studies offers a general
guideline on typical emission data values but does not account for
the nuanced variations from vessel to vessel or from machinery type
to machinery type and might not accurately represent specific meteo-
marine scenarios, such as those our vessel operates under. Focusing
on specific vessel data makes it possible to obtain a clearer and more
precise understanding of emissions in particular contexts. The results of
the pollutant dispersion model for the Calm Water and Heavy Weather
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Table 5
Heavy weather scenario results, computed total values of: fuel consumption, and
emitted NOX, SO2, PM10 and emitted CO2, for each route and at each ship speed.
Ship Total Total Total Total Total
Speed [kn] Fuel [t] NOX [kg] SO2 [kg] PM10 [kg] CO2 [t]

Route 00

18 98.16 6805.2 4142.4 590.7 301.5
24 131.09 9415.2 5786.5 817.3 406.3

Route O1

18 98.00 6791.0 4167.0 589.5 301.0
24 128.10 9167.6 5580.3 795.8 397.1

Route E1

18 108.42 7516.8 4575.5 652.5 332.9
24 143.59 10293.5 6386.7 893.6 444.9

scenarios are presented in Figs. 7 through 11, respectively. These
figures depict the outcomes for the three studied routes at ship speeds
of 18 and 24 knots. The concentration values of NOx, SO2 and PM10, on
the lowest model layer, averaged over the whole voyage duration, are
shown in the shaded color palette (upper panel 18 knots, lower panel 24
knots), for all the routes (00, 01, and E1). The dots for the EWPs that
delineate each route are colored as a function of the intensity of the
computed meteo-dependent emission rate. The simulation results for
the Calm and Heavy Weather scenario are reported from Figs. 7 to 8
nd from Figs. 10 to 11, respectively.
The effects of the strong dependence of all the resistance compo-

ents on ship speed reflect in the corresponding increase of the fuel
onsumption and emissions rates in passing from the speed value of 18
nots to 24 knots. As a consequence, comparing results with the same
etocean conditions, lower concentrations emerge systematically from
ower speed voyages, despite a greater voyage duration. Moreover,
t must be noticed that different polluting impact patterns emerge
rom different routes and in particular, the impact on land areas is
ependent on the route distance from the coast. The polluting impact
ariations due to the studied route variations are however lower than
hose due to ship speed variations. Despite calm weather ship emissions
re lower, under the corresponding high pressure pattern the insuing
ertical stratification and low wind conditions inhibit vertical and
13
horizontal mixing with the result of a stronger tendency of pollutants
to stagnate along the route. Only in the Southern part of the voyage,
relatively stronger winds tend to advect and dilute the pollutants more
effectively. In heavy weather conditions, though we have an increase of
about 12–18% of emissions, these are more rapidly advected, reaching
further areas, and more effectively diluted, also in relation to a more
intense vertical overturning. The computed PM10 concentrations are
those of the ‘‘primary’’ component, and they result to be lower and
more localized along the route w.r.t. those of NOx and SO2, which
esult to be more widely dispersed and with higher values, more widely
enetrating also on land. In real conditions, the penetrations of such
ollutants on land can contribute to the chemical processes responsible
or the generation of the ‘‘secondary’’ component of PM10, e.g., see
he works of the recent project SCIPPER (Majamäki et al., 2021). In
ables 4 and 5 it can be noticed that the total amount of emitted
M10 is an order of magnitude lower than the total amounts of NOx
nd SO2, accordingly the PM10 concentrations reported in the spatial
aps are much lower than the concentrations of the other pollutants.
t must be pointed out that concentration values of pollutants from
single ship, as in Figs. 7–11, are very low if compared with public
afety regulation thresholds. Obviously, the overall impact of shipping
ctivities comes from the superposition of the many contributions of
ll the ships in a given area. In a general scenario, such a superposition
ust be modeled accounting for the many non-linearities coming out
rom the combined complexity of meteo-marine dynamics and chemical
ehavior of the many involved compounds. As a consequence, the
perational implementation of reliable modeling approaches requires
ound preliminary scientific investigations and rigorous comparisons
ith reliable observed data. The work described here represents only a
irst step along this way.

. Conclusions

In the present manuscript, the results of the development and
irst test of a comprehensive integrated framework for ship pollutant
missions and dispersion modeling have been presented. Its main func-
ionalities are demonstrated and illustrated by considering NOx, SO2,
M10 and CO2 emissions and by analyzing a specific case study Ro-
o ship, involving scenario simulations in calm and heavy weather
onditions. It is shown that the various components of the system allow
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Fig. 8. Calm Weather: average values of computed of SO2 concentration.
Fig. 9. Calm Weather: average values of computed of PM10 concentration.
for the investigation of the dynamics of ship pollutant emissions at
different levels. Through the first modeling stages of the integrated
system, the strong dependence of ship fuel consumption and emissions
on ship speed clearly emerges, as well as the dependence on route
length. Moreover, the comparison of the results obtained in calm
metocean conditions, to be considered as the baseline situation, and
in heavy weather allows appreciation of the relevant effects of the
metocean conditions on increasing consumption, emission rates, and
total quantities of the main pollutants. The interrelation between the
specific route kinematics of the ship and the encountered metocean
conditions emerges by comparing the results obtained along different
routes and at different speeds. In the heavy weather scenario, thanks to
relatively less intense metocean conditions, a longer route (route O1)
14
resulted in being characterized by similar/slightly lower consumption
and emissions than the more direct and shorter one (route 00). Through
the last modeling stage, the complex and metocean-dependent mecha-
nisms of pollutant dispersion can be accounted for. This allowed putting
in evidence that the same heavy weather conditions that determine
higher emissions are, at the same time, responsible for a stronger
mixing producing lower surface pollutant concentration values with
respect to calm weather conditions, despite lower emissions rates and
totals in these latter situations. Moreover, this last part allows putting
in evidence the coastal areas more impacted by the pollutants emitted
by the ship at sea during the voyage, clearly showing the diverse roles
in this of the different routes, of the voyage kinematics, and of the
changing environmental conditions. The described results show the
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apabilities of such a system to describe the detailed dynamics related
o the pollutant emissions from ships, the effects of the kinematic
nd metocean conditions on the emission rates and on the fate of
ollutants along and in the surroundings of ship routes. The integrated
odeling system has the potential to allow very detailed impact studies
ocused on single voyages, or extended to a (not huge) population
f ships, accounting for various critical features with a high level of
etail and allowing a wide spectrum of investigations. As an example,
n analyzing air quality conditions in port areas, the metocean and
ollution modeling components could allow studying not trivial effects
s those related to local breezes and to the complex dynamics of
15

ixed layer thickens variations at the land–sea interface. As a further e
xample, the interrelated ship modeling components, could allow in-
estigating the different pollution regimes connected with the adoption
f different fuel types, or the pollution reduction potentialities of cold-
roning. Moreover, the application of this system in the field of emission
nventories construction could allow focusing on the relevant clues
o be implemented in the simplified models in order to render them
ble to account for metocean conditions and also in simulations on
xtensive ship populations, as needed in such a field. A further level
f investigation that will be afforded in the future is an extensive and
ystematic validation campaign, which although is not simple (Orović

t al., 2022), will be a precious component of the final implementation
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of a really reliable system. The results of these studies could be a pre-
cious resource at the decisional and planning levels for private shipping
companies (optimization, monitoring and reducing impacts, planning
and extending activities in an environmentally friendly manner) and
for public institutions (monitoring, regulation, and investigation). The
main elements that emerged from this first analysis suggest that, in its
complete version, the system could find relevant applications in studies
for the evaluation of the pollution impacts of marine navigation, in fleet
management, and in the context of single ship operational optimization
and weather routing.
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