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ABSTRACT: Maritime transport is a major source of global emissions and coastal areas pollution, yet the spe-
cific impact of tugboats has long been under-characterized. By integrating AIS data, on-board measurements and
interviews with Spanish port stakeholders, this research establishes a high-resolution quantification framework.
Key findings reveal that tugboats are frequently overdimensioned, operating below 25% engine load for half their
active time. AIS data is proposed as the main source to quantify tugboat emissions combining it with onboard
measurements. Thus, identifying tug manoeuvre phases in AIS trajectories is key to refine a future emissions
models. Utilizing a Logistic Regression model, the study achieved a 91% accuracy rate in identifying specific
maneuver phases from AIS trajectories. Furthermore, empirical data proves that a linear power-speed relationship
provides a superior fit over the traditional cubic law for tugboat operations. These insights offer port authorities
actionable strategies—such as reducing tug power capacity and optimizing free-sailing speeds—to mitigate local

air pollution and enhance maritime sustainability.

1 INTRODUCTION

Maritime transport is the pillar of economic growth as
80% of worldwide freight is carried by vessels
(UNCTAD, 2020). However, it is a substantial source
of greenhouse gas emissions (GHG) causing
a noticeable impact on air, water and biodiversity and,
generating a social alarm particularly in coastal commu-
nities. GHG emissions from shipping increased world-
wide by 9.6% from 2012 to 2018, amounting to some
1076 million tonnes, accounting for 2.9% of global
GHG emissions (International Maritime Organization,
2020). This figure is a small amount compared to the
close to 3 trillion of CO2 tones in the atmosphere that
represents 27% more than in the industrial revolution
period (European Maritime Safety Agency, 2021). In
this regard, CO2 is responsible for ocean acidification,
temperature rise and sea level rise, contributing to cli-
mate change together with other greenhouse gases
(GHG) such as methane or hydrofluorocarbons. In
global terms, the quantified SOx, NOx and PM2.5 emit-
ted from shipping sector was 24%, 24% and 9% of
worldwide emissions, respectively (European Maritime
Safety Agency, 2021). A growth in global seaborne
trade is forecasted in the near future because of the
world’s growing population, which will translate into an
increase in air pollution from maritime transport
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(International Maritime Organization, 2020). In paral-
lel, the growth on maritime transport and the pollu-
tants emitted has created a social alarm on coastal
communities that has to be addressed. Major concerns
are related to the consequences of emissions on
human health affecting respiratory system among
others (Sofiev et al., 2018; Viana et al., 2014). As
a consequence of the actual and predicted paradigm,
the International Maritime Organization (IMO) has
developed and adopted over the years more stringent
regulations aimed at dramatically abating emissions
from vessels (Raza, 2020). These air pollution regula-
tions focus on the reduction of CO2, NOx, SOx and
PM, since these are the main emissions from marine
engines (International Maritime Organization, 2021).
Within these regulations, IMO declared the Mediter-
ranean Sea a Sulphur Emission Control Area (SECA)
region in 2022 with an enforcement in mid-2025.
Focusing on shipping emissions, the list of parameters
to take into consideration when theoretically assess-
ing their environmental impact is boundless. The dif-
ficult decision is where to set the limit while keeping
in mind accuracy, i.e. detecting the research con-
straints, deciding the assumption of determinate
parameters, the use of general or more specific formu-
lation, accept empirical results from literature as
admissible, etc. Above mentioned issues corroborate

1077



that vessels are very complex systems to be analysed
in terms of sustainability and huge efforts in improv-
ing data availability should be done as shipping emis-
sions impacts directly affect climate change,
economy, human health and environment. Therefore,
initiatives that include a cost-effective, potential
reduction in shipping emissions have to be strength-
ened. For instance, slow steaming, the use of contra-
rotating propellers and propulsion efficiency devices,
can deliver fuel savings and, thus, reduce emissions
(Avgouleas & Sclavounos, 2014; Min Keh-Sik et al.,
2009; Weissmann, 2010). Furthermore, other strat-
egies are valuable in terms of mitigating emissions,
such as the use of low sulphur fuels (Zhou et al.,
2019), burning alternative fuels such as liquefied nat-
ural gas (LNG), the use of electric auxiliary propul-
sion during slow speed sailing (Sciberras et al., 2013)
or the installation of abatement techniques such as
scrubbers, inter alia. Bui. et al. (2020) proposed
a multi-criteria decision-making method for the selec-
tion of technological alternatives for environmental
regulatory compliance. The COP27, held in Egypt in
November 2022, highlighted that the Mediterranean
Sea is the second area more vulnerable to climate
change, provoked by the GHG emissions, being the
Arctic the first. This is ascertained as the temperature
raise in the Mediterranean area is 20% higher than
the global average temperature increase. There are
500 million people living in the Mediterranean who
are already being affected by the drought provoked
by the climate change. Therefore, the Mediterranean
Sea is especially vulnerable to climate change and
urgent action on emissions abatement is required.
Since nearly 70% of ship emissions are emitted from
within 400 km of coast with intensive ship traffic and
in-harbour activities, where emissions from harbour
operations add further to the air pollution generated
by ships imposing a potential threat to the local eco-
system and residents’ health (Chen et al., 2021; Tang
et al, 2022). Exhaust from large marine diesel
engines contributes significantly to the anthropogenic
burden, thereby affecting the chemical composition of
the atmosphere, global climate, and air quality in
coastal areas (Capaldo et al., 1999; Duce et al., 2008).
Pollution emitted from ports comes from merchant
ships constantly docking and undocking but also from
other auxiliary port vessels working continuously
throughout the year, like pilotage vessels, bunkering
barges, vessel-generated waste collection services,
mooring and unmooring services and port tugs.

Therefore, this research focuses in establishing cost
effectiveness measures to mitigate emissions and is built
upon the hypothesis that the current methods to estimate
emissions are not suitable for in-port manoeuvres and in
particular for tugs activity. This proposal is aiming to
assess the environmental footprint of port tugs and give
some insights on emission reduction operational port
strategies to propose ways to reduce or significantly
mitigate local air pollutants as a result of maritime activ-
ities at ports along with the harmful effects for the envir-
onment and the population health.

The paper is structured starting with the descrip-
tion of the case study in Section 2. Methodology is
thoroughly described in Section 3. Section 4 presents
the initial results and the discussion within the state-
of-the art framework. Finally, conclusions are pre-
sented in Section 5.

2 CASE STUDY

Spain has a vast and diverse port network with
a total of 28 principal ports all over its coastline.
There are three main ports withholding one third of
the total merchant, cargo and cruise traffic.

The Port of Barcelona is located at the Nort West-
ern part of the Mediterranean Sea. It is the most
important port in Europe and the Mediterranean in
cruise traffic and the holds the fourth position in the
globe. In terms of container vessels, the Port of Bar-
celona is the third in Spain, the fifteenth in Europe
being, however, one of the most important hubs for
the trade between Asia and Southern Europe. The
port has a fleet of 12 tugboats constantly operating
within the area, whit sporadic assistance of other
tugboats coming from nearby ports. In 2024, more
than 7000 in-port operations required the assistance
of, a minimum of, one tugboat.

The main research presented in this manuscript is
conducted in a tugboat at the Port of Barcelona, namely
Azabra. A total of 55 manoeuvres were monitored with
onboard observers in Azabra, from March to July 2024.
Plus, the time series of the engine power used during 11
of these 55 manoeuvres were recorded.
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Figure 1. Percentage of recorded manoeuvres where

Azabra tugboat was primary, secondary, third and fourth
tug assisting the vessel.
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About 60% of the total manoeuvres with onboard
observers, Azabra was the primary tug accompanied
with a secondary tug (67% of recorded manoeuvres, see
Figure 1). As per the service type, 57% were arrivals,
41% were departures and only 2% were shifting man-
oeuvres. Most operations required the assistance of two
tugboats (71%), while only 20% were performed with
Azabra as the main and single tugboat.

3 METHODOLOGY

The methodology follows a logical sequence of
steps, organized in the tasks seen Table 1: i) new
approach to define tug manoeuvres, ii) use of
bottom-up approach to compute in-port emissions
through realship data, iii) multi-criteria assessment
to identify the best methodology to estimate fuel
consumption and tug-related emissions.

1. Intensive multi-disciplinary field campaigns: on-
board observations to characterize emissions spatio-
temporal characterization. The different operational
modes of tugs according to the status of ship engine
will be distinguished from preliminary interviews to
stakeholders including tug masters, pilots and har-
bour management personnel. Field campaigns
include real recording of emissions generated along
with the engine orders given from the bridge.

2. AIS data to classify in-port manoeuvres: using raw
AIS data to identify and classify tug in-port man-
oeuvres within a framework for high resolution spa-
tial planning.

3. Estimate fuel consumption parameters for in-port
manoeuvres: using data from engines and in-situ
emissions.

Table 1. Tasks distribution of the methodology.

Big data protocol to
standarize AIS geo-spatial
data using ML

Manoeuvre definition and
time-series segmentation

Task 1 Task 2

Near-real time

Field campaign data (AIS)

Interviews Manoeuvre classification

algorithms

Task 3 Review existing FC formulation
SNIESGLENLEEEY [ Calibrate new methods:

A service is defined as the cycle starting from the
initial call to the tug’s final return to its base. If the
tugboat receives a new call immediately after com-
pleting a job without returning to base, the end of
the first service marks the beginning of the next. Ser-
vices can be classified as: A1 Entrance; A2 Depart-
ure, A3 Inport shifting/escorting. The manoeuvre is
defined as the segment of the trajectory where the
tug is actually engaged in active actions with the
towed vessels and the tug position can be classified
as: B1 Pull from aft, B2 Pull from stern, B3 Push,
B4 Stand By.

Fuel Consumption

Emissions

The type of service and manoeuvre depend on the
aforementioned descriptions, but the trajectory can be
sequenced regardless of the type of service and man-
oeuvre, showing 4 different phases plotted in Figure 2.
The segment with free sailing conditions is identified
at the beginning of the service, when the tug exits the
base and arrives at the meeting point and at the end of
the service when the manoeuvre has finished and the
tug goes back to the base or heads to the next service.

oS

TS4: TS5

ISSENE MANOEUVRE SAILING

TS2:SAILING

Figure 2. General description of a tug manoeuvre. TS: time
segment.

The field campaign enabled a more detailed char-
acterization of trajectory sequences and supported
the classification of tugboat operations together with
the operational status of the tugboat, its position rela-
tive to the commercial vessel, and the engine order
(idling, dead slow, slow, half, and full).

A Python visualization app was designed to be
able to plot time series along with geo-spatial loca-
tion of the tugs and towed vessels. This app was
a key tool to further analyse trajectories, phases of
the total service and manoeuvre and the variation of
AIS recorded data from both vessels and is still
under review to be published in open channels.

4 RESULTS & DISCUSSION

Results are summarized based on the input data. 17
tug skippers, pilots and stakeholders from 10 differ-
ent ports in Spain were interviewed (Ribet et al.,
2024). The interviewees covered tugs with LOA
from 27 to 33 m and power systems with more than
3000kW (the average power of tugs in Spanish
ports). The main conclusions from the interviews
can be summarized as follows:

1. False exits are more common than expected
based on the interviewees experience.

2. Waiting times and maximum speed while free
sailing shall be minimized.

3. Tugs are over dimensioned for typical daily services.

Moreover, the survey yielded interesting results
regarding the power distribution of the tugs in the
different Spanish ports. Figure 3 shows the disper-
sion of the tugs’ power along the Spanish ports and
no correlation between the capacity of the port and
the maximum power of the assisting tugs. Thus, the
three main ports, Algeciras, Valencia and Barcelona
do not have the tugs with maximum propulsion cap-
acity having Algeciras the widest range on tugs pro-
pulsion power.
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Figure 3. Power distribution of the tugs in the different ports
of Spain.

The results obtained with onboard observers during
the field campaign provided detailed time-labelled data
as shown in Figure 4.

SOG (kn)
oM b o

300

E :
K\\‘ B

HDG (°)

o 8

030830 o3 cads 030900 Dowas 020930 030943 0 100
Tee

call time ___ Rotating the vessel
Start/End manoeuvre -——- Applying tenson abeam to starboard
Exit/Navigation Low
Follow while accompany Stationary and accompany
Arriving at red Vessel engaging reverse engine
Approach from bow side Waiting at mooring

-~ - Firm and accompany — - Cast off

Figure 4. Example of an arrival with AIS data combined
with onboard observer. Gray area highlights the time
between the start and the end of the manoeuvre. Yellow
dashed line sets the call time for the service to start.
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Figure 5. Distribution of percentage of time spent in the
different phases of the manoeuvre during a) departure and
b) arrival services. TS: time service based on definitions
shown in Figure 2.

Field campaigns reveal that slightly more than 50%
of the total service time is dedicated solely to the assist
the towed vessel. The rest of the time is spent in free
sailing (~40% of the time in departure services and
~30% of the time in arrival services), and waiting for

the towed vessel to arrive (~10% of the time) at the
meeting point as shown in Figure 5. The main differ-
ences between departure and arrival services come
mainly from the dispersion of each segment of time,
since median values are comparable; arrivals show less
dispersion in the percentage values of each time
segment.

AIS data obtained from a public database (www.ais-
fab.upc.edu) from tugs and towed vessels during the on-
board observer’s field campaign was pre-processed to
calibrate a future model capable of distinguishing the
manoeuvre within the total service trajectory. The pre-
process was based on initial noise removal based on
(Mujal-Colilles et al., 2020) and a more in-deep analysis
to synchronize, at a 10s frequency, tug and towed-vessel
trajectories to further compare them (Niyazi et al.,
2024). Data obtained from the pre-process was the ini-
tial input for the visualization app which helped identify
the main variables distinguishing the manoeuvre from
the whole trajectory service.

The main variables identified using the visualization
app and confirmed with a feature importance analysis
describe the distance between tug and towed vessel and
the relative Speed Over Ground (SOG) between vessels.
Likewise, variables such absolute SOG of the tug and
the towed vessel as well as relative Heading (HDG) and
Course Over Ground (COG) were discarded due to
a minimal impact on the model improvement.

A Logistic Regression (LR) model was trained with
labelled data from on-board observers and AIS data
from both vessels. The model was trained using service
trajectories as the training unit and providing an input of
75% of the labelled trajectories. Points within
a trajectory were classified as manoeuvre/not man-
oeuvre, where the former includes only TS4 from
Figure 2 and the latter includes the remaining time seg-
ments (exit, free navigation and waiting times).

Figure 6 shows the confusion matrix of the LR based
on the single points in each trajectory providing a total
accuracy of 0.91. Regardless of the high level of accur-
acy achieved by the LR model, the main source of inac-
curacies comes from the false positives, FP, (1875 out
of 22.000 points), this is points labelled by the model as
manoeuvre, which were, in fact, part of other TS.
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Figure 6. Confusion matrix from the LR model. Colormap
is based on the single points label.

1080


www.ais-fnb.upc.edu
www.ais-fnb.upc.edu

As an example, Figure 7 plots the geo-spatial
sequence of the results provided by the LR model in an
arrival service. FP are usually labelled wrongly during
the last part of the waiting time, and this is consistent
with FP of the rest of the services. Also, the end of the
manoeuvre can be wrongly labelled as manoeuvre
when, according to the on-board observed data should
be labelled as not manoeuvre. However, this FP can be
corrected with a post-process algorithm selecting indi-
vidual points surrounded by True Negatives, TN.
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Figure 7. Trajectory example of the LR model results. TP:
True Positives; TN: True Negatives; FP: False Positives;
FN: False Negatives.

Finally, the data from engine’s power was used to
check the best power vs SOG fit for the tug in-port
manoeuvres. The engine data for the analyzed maneu-
vers was provided by the ship-owner through a cloud-
based platform developed by the engine manufacturer.
Operating as a Software as a Service (SaaS) model,
this system securely connects on-board machinery to
the cloud, providing a continuous flow of high-volume
monitoring data. The platform utilizes customizable
dashboards to visualize operational parameters from
both the machinery and the vessel, including engine
speed, instantaneous power, fuel consumption, and
various thermodynamic variables such as pressures
and temperatures. These variables are plotted at
a temporal resolution of one minute, allowing for
a detailed analysis of the tug’s performance during
transient operations. An example of the engine power
data is the one labeled as “Real” in figure 8.

Data needed a pre-processing procedure to both syn-
chronize it with AIS data providing the SOG and acqui-
sition frequency (set at 60 s, the frequency of the engine
data). In addition, trajectory segments with SOG < 2 kn
were removed from the initial analysis due to significant
variances in the power results. Two different models
(linear model with n = 1, and cubic model with n = 3)
were tested based on the equation of power:

P =k-SOG" Eq. (1)
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Figure 8. Time evolution of the engine power.

Constant, k, coefficient was calibrated using 10 kn
as design speed. Figure 8 plots the best results obtained
from the 11 manoeuvres analyzed. It is worth mention-
ing that exit and waiting times have been removed
from the analysis. Results in Figure 8 show how, the
traditional cubic law to estimate engine power clearly
overfits the real measurements while a linear relation
between power and SOG yields better fits both during
the free sailing and the manoeuvre. The cubic law is
a standard approximation for most vessels during free
sailing. However, the discrepancies observed in this
study are due to the particular design of tugboats.
While conventional ships are optimized to reach
a specific design speed, tugboats are primarily engin-
eered to deliver maximum bollard pull. Because their
hull forms and propellers are designed for high-power
towing at low speeds rather than cruising, tugboats do
not follow the typical power-to-speed curves of mer-
chant ships. In the case of tugs, free sailing is often an
inefficient operational mode where traditional cubic
law assumptions overlook their specific hydrodynamic
profile. The results of this study confirm that the trad-
itional cubic law fails to align with field data, as it
tends to overestimate the power curve relative to the
actual operational efficiency of the case study tug.

5 CONCLUSIONS

The ongoing research presented in this contribution
provides new and promising insights on the in-port
tug manoeuvres. Interviews show that stakeholders
identify the tugs to be over dimensioned based on
the majority of the manoeuvres carried out so far.
Moreover, they also suggest that minimizing waiting
times could provide a decrease on emissions gener-
ated by these type of port services.

However, the analysis of time spent in each TS
reveals that free-sailing is as important as manoeuvre
with respect to the total time spent. This may affect
the total emissions produced since the SOG at which
the vessel sails during free-sailing TS might be far
from the engine optimal working point.

On the way to produce a model capable to estimate
tug emissions during services, LR model yields good
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results to distinguish between manoeuvre and not-
manoeuvre while some post-processing shall be
needed to reduce the FP. Afterwards, linear models to
express the power used during each TS of the service
based on AIS broadcasted SOG can provide better
results than the most commonly used cubic power law.

Overall, the initial analysis presented herein sug-
gests several recommendations that can be used by
port authorities to reduce emissions:

1. Reduce power capacity demand of the tugs.
2. Reduce speed during free-sailings which will also
reduce waiting times.

To provide a more in-deep analysis of tugs’ emis-
sions and their potential reduction, further analysis is
needed aiming to provide more detail of the emis-
sions produced during the manoeuvre segment itself.
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