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Energy-consumption monitoring
towards decarbonisation:
insights from the Basque
albacore artisanal fisheries

Gorka Gabifa*, Ainhoa Caballero, Nerea Goikoetxea,
Joseba Castresana, Nicolas Gori @', Yolanda Sagarminaga
and Oihane C. Basurko

AZTI, Marine Research, Basque Research and Technology Alliance (BRTA), Sukarrieta, Spain

This study presents a low-cost monitoring approach to assess energy
consumption and carbon footprint in the Basque artisanal albacore fishery,
focusing on two fishing techniques: trolling (LTL) and pole-and-line with live
bait (LHP). Using intrusive and non-intrusive monitoring systems, vessel-specific
fuel consumption—speed over ground curves (FOC-SOG) were established,
enabling accurate estimation of fuel use and greenhouse gas (GHG) emissions
across five fishing seasons (2015-2019). The results show that LTL vessels,
although having bigger engines, exhibit higher fuel use intensity (FUI: 899.2 L/t)
and carbon intensity (2.45 kg CO,eq/kg landed) compared to LHP vessels (FUI:
632.6 L/t; 1.72 kg CO,eq/kg landed), due to lower catch volumes and longer
distance covered. Despite their higher fuel consumption, LHP vessels achieve
greater catches, making them relatively more energy efficient. The study also
confirms that vessel speed is a key factor in fuel consumption, validating the use
of SOG as a proxy for energy demand. This research demonstrates the feasibility
of applying low-cost monitoring strategies to small-scale fisheries, offering a
scalable method for evaluating operational patterns and supporting
decarbonisation efforts. The findings provide a solid foundation for future
energy-saving measures tailored to each fishing technique, contributing to the
broader goal of reducing the environmental impact of artisanal fleets.
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Highlights

o A cost-effective fuel monitoring method was validated in
Basque albacore fisheries.

o Fuel use and carbon footprint were estimated via intrusive
and non-intrusive systems.

o Trolling vessels had higher fuel use intensity and carbon
intensity compared with pole-and-line with live bait vessels.

o Vessel speed over ground proved to be a reliable proxy for
estimating energy demand.

o The approach enables scalable monitoring to support
decarbonisation of artisanal fisheries.

1 Introduction

Mitigating climate change is one of our society’s greatest
challenges in the first half of this century. Policies and actions
promoted in Europe do not seem to be able to keep pace with the
rapid growth of the associated risks, with Europe being the most fast-
warming continent in the world (EEA, 2024). Coastal regions are also
affected by the proximity of maritime traffic, another pollutant
emission niche. This leads to exposure to public health diseases
and climate change due to this air pollution. Policies with clear goals
towards net-zero emissions are needed (Roy and Chakraborty, 2025).

It is therefore necessary to involve all economic sectors in
decarbonisation actions, including the fishing industry. This fuel-
dependent sector, which contributes to climate change through its
emissions, is directly affected by it (Bastardie et al., 2022). Indeed, the
warming of the oceans has altered the spatial and temporal
distribution of different fish species (Worm and Lotze, 2021), such
as tuna, whose dynamic and large-scale distribution has shifted to
more northern regions (Erauskin-Extramiana et al.,, 2019). This has
directly impacted the routes fishing vessels follow to reach schools of
fish and, consequently, the energy demand and their carbon footprint.

Over the last decade, different studies have tried to put a figure on
the emissions and fossil fuel consumption of the European and world
fishing fleet, mainly powered by diesel engines. Some authors
highlighted that the increase in greenhouse gas (GHG) emissions
intensified by 28% from 1990 to 2011, reaching nearly 175 million
tonnes of CO, equivalent (CO,.q), where European fisheries
represented 11% (Parker et al, 2018). Another study pointed out
that fishing fleets account for 1.2% of the global fuel consumption,
representing 134 million tonnes of CO, into the atmosphere (Basurko
et al,, 2016). Other approaches have been published; for example, in
2018, the total GHG emissions from the global fisheries exceeded the
figure of 40 million tonnes, where European fisheries represented 7
million tonnes (Alma-Maris, 2023). In addition, the carbon footprint
of the European fishing fleet was estimated to be almost 7 million
tonnes of CO,.q from 2008 to 2019, representing 17% of the global
fisheries (Prellezo et al., 2022), and fuel-related GHG emissions
represent between 60% and 90% of the total life cycle carbon
footprint of the fishing product supply chain (Parker and
Tyedmers, 2015). Finally, more recent studies have found that the
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global fishing fleet, primarily powered by diesel engines, accounts for
between 0.1% and 0.5% of global emissions, with an estimated figure
of over 50 million tonnes of GHGs (UNCTAD, 2024). However,
previous and more recent studies yield different figures, which is
probably due to a slight reduction of the fishing fleet, different data
sources, or lack of fuel consumption data in fisheries.

Certain fisheries such as trawling have a larger carbon footprint
than land-based food production and processing (Hilborn et al.,
2023). Therefore, fisheries management entities and European
policymakers have started to look for decarbonisation solutions
for fisheries in order to reduce their GHG contribution (Basurko
et al,, 2023). Nonetheless, this atmospheric pollution is yet to be
rigorously considered within the fisheries management plans
(Driscoll and Tyedmers, 2010), even though it could be drastically
minimised within mitigation scenarios (Henson et al,, 2017).
However, IMO’s GHG regulations do not apply to fishing vessels
yet (Diaz-Secades, 2024).

Fishing practices are varied, and they depend on cultural and
regional customs and habits, as well as target species and their
migratory nature. Thus, in terms of fuel use, not all the fishing trips
are the same per vessel, gear, and target species (Basurko et al., 2023;
Schau et al,, 2009). In general terms, some passive gears, purse
seines, and fisheries using other surrounding nets are more
environmentally friendly compared to active towed gears such as
beam and bottom trawls (Suuronen et al., 2012); paradoxically,
lobster and shrimp pot and trap fisheries, despite being passive,
have reported the highest fuel use intensity (FUI) scores (given in
litres of fuel per tonnes of catch), due to the low catch in comparison
to other fisheries (Parker and Tyedmers, 2015). Likewise, small-
scale fisheries, although they are likely to be more environmentally
friendly than larger fleet segments (Suuronen et al., 2012), have a
significant (25%) share of fisheries’ annual global GHG emissions
(Greer et al, 2019). Therefore, all fisheries, regardless of their
characteristics, need to implement decarbonisation strategies.

Decarbonisation requires of a good understanding of the different
fisheries, their activity patterns, and their relationship with fuel
consumption. Monitoring the vessels, i.e., their activity and
consumption, has been highlighted as the first step in setting
decarbonisation strategies due to the fact that it provides a detailed
understanding of the vessel's production activity and its energy
demand (Basurko et al, 2023; Korican et al,, 2023). According to
some studies, the use of monitoring devices can save 5%-15% of
energy consumption due to the valuable information they provide in
order to find the optimum point of instantaneous consumption versus
vessel speed, during navigation and fishing (Basurko et al., 2013; Notti
and Sala, 2014). In the long-distance fleet, the energy-monitoring
devices are more commonly used, but are not yet widespread for the
smaller or artisanal fleet. The reasons could be the costs or the lack of
innovative proactivity due to unawareness or funding possibilities
(Basurko et al, 2023). In addition, some authors suggested other
developments from vessel operational data (i.e. date, time, speed, and
course), with trajectory pattern assessments for fishing vessel
behaviour identification and sustainable practices (Yang et al., 2024).

Albacore artisanal fisheries that operate in the Bay of Biscay and
northeast Atlantic Ocean are very dependent on long routes in
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search of tuna stocks, which leads to significant fuel consumption
and GHG emissions. This is due to the migration of the albacore
occurring approximately between May and October that moves
from the Azores archipelago to the east or northeast of the Bay of
Biscay, or even to southern Ireland as the tuna season progresses
(Arrizabalaga et al,, 2002). In order to shed light on the low-cost
monitoring and taking this fishery as a case study, this contribution
aims at becoming a showcase on how 1) to monitor the fuel
consumption and carbon footprint in a relatively low-cost and
non-intrusive manner; 2) to monitor fuel consumption and fishing
activity to increase our knowledge of fuel dependency per fishing
segment; and 3) to differentiate the operational and energy use
pattern of two different artisanal fishing techniques, focusing on the
same area and target species. This study also provides information
on albacore artisanal fishing fleet’s (i.e., trollers and live-bait pole
and liners) carbon footprint of the Bay of Biscay. For this, seven
vessels were monitored using intrusive monitoring (IMS) and non-
intrusive monitoring (NIMS) systems. The knowledge gained
regarding fuel consumption was used to define the low-cost
monitoring approach, and subsequently, this approach was tested
in six artisanal albacore vessels during their albacore seasons from
2015 to 2019.

2 Material and methods
2.1 Monitoring strategy
2.1.1 General approach

The monitoring consisted of recording the speed over ground
(SOG) and fuel oil consumption (FOC) of six fishing vessels during
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five albacore fishing seasons (2015-2019). SOG data were obtained
by means of GPS-derived positions, from vessel monitoring systems
(VMS). FOC, however, is usually not measured in artisanal vessels.
Therefore, by taking advantage of the database generated during the
monitoring of certain vessels, a two-step approach was applied to
obtain low-cost FOC data (Figure 1):

-Step 1: Estimation of SOG-FOC relationship

Seven albacore artisanal vessels (vessels A-G of Table 1),
engaged in either trolling (LTL) or pole and line (LHP), were
monitored using IMS and NIMS systems (Section 2.1.2) to estimate
their SOG versus FOC relation trace based on their activity. Then,
the average curves for each fishing technique were estimated
(Section 2.1.3).

-Step 2: Fishing activity monitoring

The resulting average SOG-FOC curves were employed to
estimate the fuel consumption of a set of six LTL and LHP
albacore artisanal vessels (vessels 1-6 of Table 1) for five fishing
seasons (2015-2019) (Section 2.1.4).

In the following subsections, this two-step process will
be explained.

2.1.2 The intrusive and non-intrusive devices:
estimation of SOG-FOC relationship

As stated before, measurements obtained by the IMS and NIMS
systems of seven vessels were used in this study to compute the
SOG-FOC curves. Fuel and vessel activity monitoring details are
listed in Table 2.

On the one hand, three of them were monitored using the IMS
system (vessels A-C, Table 1). The IMS comprised of a GPS (signal
extracted from the vessel equipment), inductive proximity sensor,
and fuel flow meters. A proximity sensor was installed in the engine
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Flowchart showing how data were obtained: monitoring system scheme, data logging, and fuel use intensity estimation.
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TABLE 1 Details about the analysed trolling (LTL) and pole-and-line with live bait (LHP) vessels, the fuel monitoring devices installed on board, and

the data used in this study.

Fishing gears®

Length
overall
(LOA) [m]

Vessel®

Main Secondary

Besides albacore,
other target species
with other gears

Activity data Energy© data

Data

) Outcome
provider

Outcome Data provider

Vessels used to estimate the fuel consumption (FOC) and speed over ground (SOG) curve of the Basque artisanal albacore vessels

A 25.90 LTL*  GNS, LHM Monkfish, mackerel
Intrusive FOC, RPM,
B 36.20 LHP PS Sardine, mackerel, anchovy, monitoring IMS (flow meters) SOG-FOC
horse mackerel (GPS) curves
C 37.00 LHP PS
D 26.00 LTL LHM Mackerel Lat., long.,
N 806G NIMS imi
E 23.00 LTL LHM, LLS Mackerel, hake ; on- ) (PrOlelty .Sensor FOC, RPM,
intrusive and engine operation SOG-FOC
F 18.00 LTL GNS, LHM Monkfish, mackerel monitoring datasheet, i.e., RPM-FOC -
Sardi rerel b (GPS) curves) curves
G 36.00 LHP PS ardine, mackerel, anchovy,

horse mackerel

Vessels used to define the activity and energy monitoring of the Basque artisanal albacore vessels (2015-2019)

1 25.90 LTL®  GNS, LHM Monkfish, mackerel
2 25.00 LTL LHM Mackerel
3 26.00 LTL PS Lat.. lon:
VMS son & SOG-FOC curve® FOC
4 36.20 LHP Ps Sardine, mackerel, anchovy,
5 32.00 LHP Ps horse mackerel
6 30.85 LHP PS

“All the vessels considered in this study operate in the Bay of Biscay and adjacent waters (FAO zone: 27.8).

PFishing gear types abbreviations according to European Commission classification Popescu and Breuer (2024).

“LTL main engine propulsion power rate: 500-750 HP; and LHP main engine propulsion power rate: 1,200-1,400 HP.

ILTL vessels that are not considered within the small-scale fishing sector. Smaller vessels also go trolling albacore, but due to their reduced scale in terms of fishing trips and zones, they were not

the target of this study.
Average of the SOG-FOC curves extracted from vessels A-F.

wheel for engine speed measurement, and flow meters were in the
fuel flow line and included an integrated fuel temperature sensor.
The IMS recorded locally in the system’s central processing unit and
put into the cloud every minute the following set of data: date, time,
latitude, longitude, SOG, FOC, and engine speed.

On the other hand, four vessels were monitored using the NIMS
device (vessels D-G, Table 1). The NIMS consisted of an Arduino
board; an open-source platform integrated by a Raspberry Pi as a
central processing unit, which received GPS (time, position, speed,
and course); and engine speed data. GPS readings were provided by
a GPS embedded in the Raspberry Pi unit, the continuous readings
for revolutions per minute (RPMs) were taken by an inductive
proximity sensor fixed in the shaft, and the FOC was estimated by a
direct calculation based on the recorded RPMs and the engine
consumption curve (also known as the “engine operation
datasheet”) provided by the manufacturer (i.e., RPM-FOC curve).
These data were then sent using GSM (Global System for Mobile
communication) to a private server in near real time.

2.1.3 Defining the SOG—-FOC curves
From each of the monitored vessels (A-G), the relationship
between the SOG and FOC, namely, the “SOG-FOC curve,” was
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calculated. These curves represented the fuel oil consumption at
different vessel speeds. Then, the average value for the FOC-SOG
curve for both fishing techniques was computed. Note that the
vessels studied within each fishing technique were similar in
structural characteristic, hull shape, and dimensions, as shown
in Table 1.

A total of 4,395 h of data were employed to build the SOG-FOC
curves, and each vessel had the following data: vessel A, 1,500 h; B,
270 h; C, 490 h; D, 305 h; E, 650 h; F, 320 h; and G, 860 h. The large
amount of data was considered to attenuate any influence that may
have been caused by sea conditions in the estimation of
the functions.

2.1.4 Low-cost fishing activity monitoring of
artisanal vessels: operational and energy patterns
The operational activity of the six vessels (vessels 1-6, Table 1)
was monitored during five albacore seasons (period 2015-2019).
The onboard VMS device provided the hourly position (latitude
and longitude) and SOG of the vessel. The FOC was calculated
using the SOG-FOC curves determined in step 1, reducing the costs
for fuel consumption monitoring in an intrusive way for artisanal
fishing methods. This analysis provided information about the

frontiersin.org
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TABLE 2 Components of the fuel monitoring devices.

VeIl Type of equipment used
measured yp quip
FOC Flow meter (usually 2 flow meters by vessel: one for

inlet and the other for outlet flow measurement)®

Fuel temperature | Temperature sensor PT100

Model

a) KRAL OMG20
b) KRAL OMG13

10.3389/fmars.2025.1663538

Installation

i onboard

Accuracy

a) + 0.1%; [15.3-2,295.0]
L/h kg/h
b) + 0.1%; [5-785] kg/h

Fuel circuit

°C + 0.1%; [20-200] °C Inside flow meter

Engine speed Proximity sensor

SOG, course and

GPS
position

Key:

Hamlin-Hall type -
inductive

a) Furuno (on board)®
b) Arduino NEO-6

Total error <2% of
operation voltage (24Vdc)

RPM Engine power
wheel

a) 10 m 95%
b) 2.5 m, 0.1 m/s, 0.5°

Knots, degrees,

Vessel deck
lat., long.

“FOCIL/h]: volumetric fuel consumption directly measured but mass consumption [kg/h] calculated by means of the density, which is calculated as a function of the fuel temperature. Only for
the IMS system. FOC for the NIMS system was calculated by the RPM-FOC curve from the engine datasheet.
"In two cases, the vessel’s GPS (Furuno GPXX) was used for SOG, course, and position measurement. At 95% of the time, the common precision for such GPS type is 10 m.

differences in operational patterns for same fishing techniques and,
in addition, for different fishing techniques in relation to their
energy use.

Note that the FOC readings corresponded to the main engine
consumption. However, electric and hydraulic power demand is also
supplied by internal combustion diesel engines, such as genset or
generator engines. In the albacore fishing season, the main engine
consumes (due to propulsion) 89.2% of the total FOC in LTL vessels
and 88% in LHP vessels; the rest is consumed by auxiliary engines, as
obtained in previous studies (Basurko et al., 2013). Thus, the total
FOC of the vessels (main engine and genset) was calculated
accordingly by multiplying the FOC value provided by the SOG-
FOC curve at different speeds by 1.12 (LTL) and 1.14 (LHP).

The operational and energy patterns of the six vessels (vessels
1-6, Table 1) were defined by analysing their speed profiles and
representative trips, the time allocated, and the fuel consumed while
steaming or fishing. In both cases, the activity of the vessel was
discriminated by the vessel SOG. Energy efficiency was calculated
by applying the FUT indicator (the total fuel consumption per total
catch weight during a trip) per vessel and year. For this
computation, total catches reported every fishing trip of these six
vessels were compiled. Catch data were the ones reported by the
logbooks onboard the vessels provided by Spanish General
Secretariat for Fisheries. For the calculation of the amount of
COyq emission per tonne of fish landed, the conversion factor
3.206 t COy,/t diesel-gasoil proposed by the International
Maritime Organization (IMO) was applied (IMO, 2009).

3 Results
3.1 SOG-FOC curves

In terms of data provided between different monitoring
systems, little differences were found between the FOC-SOG
curves obtained with the NIMS and IMS, in other words, between
real and calculated data (Figure 2). Furthermore, results showed a
high degree of fitting, presenting regression coefficients very close to
1 (Table 3). Despite the variability introduced by sea conditions and
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structural modifications, it is assumed to be attenuated through
hundreds of hours of data recording as shown in Section 2.1.3.

3.2 Operational patterns of albacore fishing

Details of the operative patterns of the vessels from both gear types
(LTL and LHP) operated in the same fishing areas (Bay of Biscay and
northeast Atlantic Ocean) during the tuna season (from mid-spring to
mid-autumn) from 2015 to 2019 are shown in Table 4. LTL vessels
were smaller in size (average 24 m) than LHP (average 35 m), their
crews were one-third the size of those in LHP, and they had different
fishing and operative patterns as reflected in the diverse speed patterns
present through the fishing trips (Figure 3). LTL vessels operated 67%
of the time in high engine loads, above 6 knots, during trolling and
sailing to port or even to another fishing ground (Figure 3). Specifically,
51% of their time was spent trolling when fish schools disaggregated. In
contrast, LHP vessels devoted 59% of the time in high engine loads, and
this occurred when searching for fish schools and sailing to port or
even to another fishing ground. Furthermore, fishing operation using
rods represented less than 40% of the time; this activity was undertaken
at very low propulsion loads, very slowly, following the aggregated
schools of fish. At night, both LTL and LHP vessels stopped their
fishing activity and left adrift navigating at less than 1 knot. Sometimes,
nights were used to reach new fishing grounds.

Similarly, not all the fishing trips were equal in duration and
geospatial distribution. LTL vessels usually start the season some
weeks earlier, while LHP fisheries still use the purse gear 2-4 weeks
more; so, LTL fisheries have taken the role of looking for suitable
fishing grounds for not only LTL vessels but also to other albacore
fisheries. This was also observed in the data collected. As a result,
the first fishing trips of LTL vessels resulted longer in duration.
Thus, these first trips involved higher fuel use. As time went by, the
albacore started to move to the east, approaching to the base ports,
and the fishing trips tend to get shorter; thus, the fuel use varied as a
function of the fish location. LTL (LHP) trips were, therefore, highly
variable and could be grouped in long trips lasting 3 (2) weeks in the
northeast Atlantic and short trips lasting 1.5 weeks (1 week) in the
Bay of Biscay as shown in Figure 4.
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FIGURE 2
Fuel consumption (FOC)-speed over ground (SOG) curves recorded by intrusive monitoring and non-intrusive monitoring devices for trolling (LTL)
and pole-and-line with live bait (LHP) vessels.

TABLE 3 Relationship between fuel consumption (FOC) and vessel speed (SOG).

FOC-SOG equation for albacore fishing

Vessel type

vessels®
LTL FOC = 0.6872-80G — 11.7168-SOG” + 69.1983-SOG — 128.7065 0.9691
LHP FOC = 0.3771.80G’ - 5.1943-80G? + 27.0564-SOG — 23.7946 0.9732

Key:
“FOC in L/h and SOG in knots.

3.3 Fishing activity and fuel use intensity With regard to the energy efficiency, LTL vessels are, in relative
terms, slightly less energy efficient than LHP vessels as they have

Even though the FOC and the GHG varies among vessels within ~ higher FUI values. LTL vessels consume slightly less fuel despite
each fishing technique and depending on the year and trip  presenting longer navigation routes; nonetheless, their catch is
(Table 4), they are significantly different between LTL and LHP.  lower than LHP (Table 4). This means that LTL vessels are more
The mean yearly FOC of LHP (90,216.3 L) is more than double that ~ fuel and carbon intensive than LTL (2.45 and 1.72 kg CO,.q4/kg
of LTL (42,4199 L). landed, respectively) for the same target species. Fuel and emissions

TABLE 4 Operative patterns of trolling (LTL) and pole-and-line with live bait (LHP) vessels.

e N Fishing trips ~ Weeks . Navigatin
Fishing gear Gear description g trp , Fishing speed [kn] gating
per season per trip speed [kn]
Line with natural or artificial baited hooks 6.0-8.0 (slightly reduced
LTL (or lures) towed astern by a vessel near the 4-5 2-4 5 fishers to 5.0-6.0 knots to haul 8.0-10.0
surface or at a certain depth the line and fish on board)

Hooked line attached to a pole; the hook is
baited with a life bait and thrown to the fish.
LHP The albacore is attracted with the life bait ~10 12 15 fishers | 0.0-2.0 8.5-110

close to the surface and vessel.
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FIGURE 3

Speed pattern of vessels 1-6 [trolling (LTL) and pole-and-line with live bait (LHP)] for the period 2015 to 2019.

performance values vary by fishing trip and year (Table 5; Figure 5).
Vessel 4 presents the lowest FUI, while vessels 5 and 6 presents FUI
values similar to LTLs, suggesting that further research is needed
with more monitored vessels per fishing technique.

4 Discussion
4.1 Low-cost monitoring

This study proposes a low-cost monitoring approach to
determine the energy-consuming activities, fuel use, and carbon
footprint of the LTL and LHP artisanal albacore fishery in the Bay
of Biscay.

First, the “fuel consumption versus vessel speed” functions
(FOC-SOG curves) were determined by using data acquired with
intrusive and non-intrusive systems. Once estimated, these
functions, the total time, navigated distance, fuel consumption,
and GHG emissions were calculated for five different albacore
fishing seasons (2015-2019) in six vessels (three LTL and three
LHP fishing vessels).

A recent work has also explored low-cost telematics monitoring
for other purposes, such as condition-based maintenance and
operational analysis on board fishing vessels (Abrori et al., 2021).
Furthermore, some authors have developed different tools and
fishing activity assessments through VMS and such type of
monitoring system’s data (Birchenough et al., 2021; Galotto-Tebar
et al,, 2019; Guillot et al., 2017; Zong et al., 2016). Vessel SOG can
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result in a good proxy to monitor fishing operatives and obtain fuel-
and emission-related figures, as shown in this contribution.

Vessel speed is the most influencing parameter in terms of fuel
consumption (Gorski et al., 2013). Specifically, “the cube law”
equation represents the relation between FOC and SOG. The
admiralty coefficient relates vessel parameters, such as power or
FOC, displacement coefficient, and SOG, and it is described by the
Equation 1:

2 2 2
DixV: DixV? D3
’ -2 FOC= —

C= = V3 1
P y x FOC F - W

Where, D = vessel’s displacement in tonnes, P = brake power in
kW, V = vessel speed in knots (SOG), FOC = mass fuel
consumption per hour (kg/h), Y = the linear relation between
power and FOC, and F = fuel coefficient (C x Y) (Taylor, 1996).

Thus, if two vessels are similar in type, such as displacement,
power, and speed, then their admiralty coefficient should be similar.
Literature suggests that the C value should be between 300 and 600,
with higher values indicating greater vessel efficiency (Barrass,
2004). Some authors reaffirm the cubic relation between the
power delivered by the propeller and the vessel speed, which
we found in this paper (Psaraftis and Lagouvardou, 2023)
and presented in Figure 2; Table 3. Thus, the FOC-SOG
curves obtained in this study are consistent from a naval
engineering perspective.

Therefore, this confirms the suitability of using a low-cost
monitoring approach for artisanal fisheries fuel consumption and
carbon footprint monitoring purposes. So, the present study
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FIGURE 4
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Heat map of the frequency of the fleet positions for 2015-2019; the number of VMS observations per 0.1° x 0.1° pixels for trolling (above) and pole-

and-line with live bait (below).

considers the SOG of the vessel to assess the fishing activity of LTL
and LHP vessels of the Bay of Biscay.

4.2 Fuel use intensity of albacore LTL and
LHP fishing vessels compared to other
studies

According to the total catch per time spent fishing albacore
every year, such as the instantaneous catch (kg/h), the total volume

Frontiers in Marine Science

of albacore captured per vessel varied mainly according to vessel
type. LTL vessels catch a lower number of tonnes than LHP. Their
vessel capacity is considerably lower than LHP’s. LHP can fish more
quantity of albacore in a shorter time, very dependent on how
aggregated the school of fish is; thus, the variability of total catch is
higher than LTL vessels, as shown in Figure 5. Thus, FUT values are
slightly higher for LTL vessels, consuming more fuel per catch
tonnes than LHP vessels. In addition, LHP vessels present higher
variability, between vessels, than LTL vessels (Figure 5). Although
LTL has lower fuel consumption in terms of consumption, total
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TABLE 5 Trolling (LTL) and pole-and-Lline with live bait (LHP) albacore fishing operative’s performance parameters, aggregated by yearly activity.

_ Distance Total fuel G_H(_Ea ~ Fueluse
Vessel Gear Year Time [h] i consumption emissions Catch [kg]l intensity (FUI)
(FOCQ) [L] [kg COszeql [L fuel/t catch]
2015 1,730.6 12,240.6 46,888.5 127,024.2 33,479.0 1,400.5
2016 1,896.0 11,317.3 40,1114 108,664.5 42,845.0 9362
2017 1,872.0 9,848.1 32,1186 87,011.6 57,690.0 556.7
01 LTL 2018 1,632.0 8,682.7 26,782.6 72,556.0 59,037.0 4537
2019 1,764.8 9,622.7 30,048.8 81,404.2 65,436.0 459.2
Mean 1,779.1 10,342.3 35,190.0 95,332.1 51,697.4 761.3
+SD 107.8 1,420.4 8,179.6 22,159.1 13,1225 108.3
2015 3,095.8 20,449.3 89,607.2 242,752.1 56,640.0 1,582.0
2016 1,392.0 8,987.6 35,947.4 97,383.9 24,443.0 1,470.7
2017 1,536.0 9,383.7 34,175.8 92,584.7 57,010.0 599.5
02 LTL 2018 1,848.0 10,722.8 40,946.1 110,925.9 72,555.0 564.3
2019 2,025.8 11,7915 45,017.5 121,955.5 88,110.0 5109
Mean 1,979.5 12,267.0 49,138.8 133,120.4 59,751.6 945.5
+SD 672.2 4,707.1 23,020.1 62,363.0 23,622.1 5326
2015 17188 12,277.1 62,2419 168,617.7 41,775.0 1,489.9
2016 1,392.0 9,042.3 42,575.4 115,339.8 24,443.0 1,741.8
2017 1,536.0 9,262.5 38,533.0 104,388.5 57,010.0 6759
03 LTL 2018 1,440.0 7,902.1 36,585.7 99,1133 62,057.5 589.5
2019 1,574.5 8,052.6 34,7185 94,054.8 75,988.0 456.9
Mean 1,532.3 9,307.3 42,930.9 116,302.8 52,2547 990.8
+SD 127.3 1,763.6 11,1813 30,291.0 19,781.9 582.8
2015 1,609.2 11,083.4 113,618.9 307,801.5 246,850.0 460.3
2016 2,040.0 14,078.8 139,217.0 377,148.5 264,300.0 526.7
2017 1,752.0 11,892.8 116,394.1 315,319.9 241,000.0 483.0
04 LHP 2018 1,152.0 6,865.7 72,9323 197,578.6 385,842.5 189.0
2019 1,302.0 7,960.5 80,496.2 218,069.8 373,018.5 21538
Mean 1,571.0 10,376.2 104,531.7 283,183.7 302,202.2 375.0
+ 8D 354.3 2,944.0 27,398.0 74,223.0 71,163.2 159.6
2015 7387 5,045.2 57,449.6 155,635.1 48,300.0 1,189.4
2016 1,512.0 11,122.8 123,588.3 334,809.4 120,778.0 1,0233
2017 1,464.0 10,045.3 107,021.0 289,927.3 111,135.0 963.0
05 LHP 2018 1,032.0 5,330.9 56,676.5 153,540.7 218,000.0 260.0
2019 1,271.0 7,112.1 72,700.6 196,951.1 158,476.5 4587
Mean 1,203.5 7,731.2 83,487.2 226,172.7 131,337.9 778.9
+ 8D 3213 2,748.5 30,3111 82,114.9 62,573.5 398.1
2015 121835 8,087.3 80,020.7 216,781.7 63,020.0 1,269.8
06 LHP
2016 1,632 11,391.6 120,627.9 326,789.4 141,720.0 8512
(Continued)
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TABLE 5 Continued

10.3389/fmars.2025.1663538

Distance Total fuel GHG? Fuel use
Vessel Gear Time [h] il consumption emissions Catch [kg] intensity (FUI)
(FOQ) [L] [kg COszeql [L fuel/t catch]
2017 1,320 8,640.8 82,344.9 223,078.1 96,565.0 852.7
2018 1,152 6,251.7 58,928.5 159,641.5 196,440.0 300.0
06 LHP 2019 1,376 7,340.7 71,228.4 192,962.7 159,412.0 446.8
Mean 1,339.7 8,342.4 82,630.1 223,850.7 131,431.4 744.1
+ 8D 185.1 1,925.2 23,143.5 62,697.4 52,465.9 3825
. Total fuel GHG? Fuel use
Gear type Distance : o : )
(mean values per gear) il consumption  emissions Catch [kg] intensity (FUI)
(FOQ) L] COg¢q| [L fuel/t catch]
Mean 1,763.6 10,638.9 42,419.9 114,918.5 54,567.9 899.2
LTL pear year
+8D 415.8 3,067.1 15,528.3 42,067.2 18,299.9 486.1
Mean 1,371.4 8816.6 90,2163 24,4402.4 188,323.8 632.6
LHP per year
+8D 3159 2,657.7 27,2015 73,690.9 101,485.9 360.8
LTL per trip Mean 267.2 2,672.5 7,313.4 19,812.6 8,267.9 3,137.2
+ 8D 173.2 4,261.2 5,636.5 15,269.7 6,618.3 7,269.6
Max 784.7 25,983.4 30,126.8 81,615.5 25,201.0 56,290.9
Min 20.0 1320 5328 1,443.4 33.0 71.0
LHP per trip Mean 126.8 816.4 8,381.8 22,706.9 17,331.0 1,418.7
+8D 67.1 426.5 4,451.9 12,060.6 16,433.7 5417.9
Max 339.6 2,131.2 23,529.6 63,7433 65,642.0 57,670.6
Min 24.0 156.0 1,497.6 4,057.1 68.0 20.1

Key:

“GHG emissions have been calculated by means of conversion ratio established by the International Maritime Organization (IMO), 1 kg fuel (diesel oil) = 3.026 kg CO5q (IMO, 2009), where fuel

density has been considered as 0.845 kg/L.

catches are lower due to its lower fishing capacity (fewer GTs),
which means that fuel use intensity is higher compared to LHP.
This study has presented a methodology for estimating the energy
demand of a given fishing fleet based on a parameter that can be
easily obtained, such as the speed over ground of the vessel, by
VMS, AIS, etc. However, a comprehensive study must first be
carried out to make consumption estimates based on this
parameter. In addition, the study suggests having a larger number
of vessels with which to obtain the FOC-SOG ratio.

Up to the present, many authors have assessed the FUI of
different fisheries, reaching diverse conclusions depending on each
case of study, fishing gear, and region. For hook-and-line skipjack
and purse seine fisheries operating in the Atlantic Ocean, some
authors recorded a wide range of FUI values ranging from 1,000 to
1,800 in the former and 445 L fuel/t catch in the latter (Parker et al.,
2015). Continuing with tuna fisheries, albacore fisheries in the
Atlantic Ocean showed different FUI values depending on the
fishing method: LTL fisheries have an FUI of 1,107 L fuel/t catch,
while LHP fisheries had a higher FUI of 1,485 L fuel/t catch
(Tyedmers and Parker, 2012). Bluefin tuna and albacore fisheries
in the Atlantic Ocean also show different FUI values depending on
the fishing method: LTL fisheries have an FUI of 1,136 L fuel/t

Frontiers in Marine Science

10

catch, while LHP fisheries show a slightly lower FUT of 1,080 L fuel/t
catch (Basurko et al.,, 2022). Without differentiating within target
species, the European Observatory of the Blue Economy reported
for the Spanish fleet 741.17 L fuel/t catch, with vessels using hooks
showing a slightly higher FUT of 870.58 L fuel/t catch. Meanwhile,
the FUI of the overall European fleet and European vessels using
hooks is 470.58 and 882.35 L fuel/t catch, respectively (EC, 2024).
Finally, comparing the extreme variance case apart from other
fishing gear, Norwegian coastal purse seiners showed FUI values
close to 65 L fuel/t catch (Jafarzadeh et al., 2016).

As a closer comparison to the present study, the studies carried
out for albacore species in the Atlantic Ocean with LTL and LHP
exceed those obtained in this study by 20%-40% (LTL-LHP).
However, in the case of Spanish and European fleets using hooks,
the FUI ranges are within the range of the results of the
present study.

4.3 Carbon footprint of fisheries

Regarding the carbon footprint of the fisheries, Parker et al.
(2018) stated that, in 2011, the Australian fleet had one of the
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LTL and LHP statistical (mean of all the trips) representation of the operational parameters: SOG (A), FOC (B), Meand catch (C), Fuel persistance (D)

and FUI (E).

highest carbon emission intensities (5.20 kg CO,cq/kg landed)
compared to the US fleet, which had a lower carbon emission
intensity (1.6 kg COs,eq/kg landed) (Parker et al, 2018). The
numbers obtained in the present study are situated between both,
highlighting a relevant difference in terms of the higher value. The
same study showed that, in 2011, the mean GHG emissions ratio by
sector for big pelagic fisheries (i.e., albacore species > 30 cm, among
others) was 1.9 kg CO,,,/kg landed, and by region, for European
fisheries, it was 1.7 kg CO,,,/kg landed (Parker et al., 2018). The
values obtained in the present study are close to those ratios,
particularly for LHP vessels.

The methodology used in this study for the measurement and
calculation of fuel consumption of vessels in their real environment,
as well as the analysis of their operational pattern, allows us to extend
the assessment to the whole albacore LTL and LHP fleets in a feasible
way. However, there are other studies that propose a detailed audit
with sophisticated measuring equipment, from flow meters to torque
meters that give an accurate measurement of consumption (Basurko
et al, 2023; Sala et al., 2022). Despite adding accuracy to the data, the
results have demonstrated that simulated data can be acceptable if
artisanal fisheries are to be monitored or if the devices have to be
purchased by the shipowner (<5,000 €), which can be a challenge for
artisanal fisheries shipowners (Basurko et al., 2023) in comparison to
more industrial fisheries due to the high purchase cost of such
accurate measurement devices (>20,000 €). Furthermore, the scope
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of the number of vessels to be studied would be limited by the high
cost of installation and equipment. Thus, low-cost monitoring has
better chances to contribute to the decarbonisation studies for
artisanal fleets.

5 Conclusions

This study establishes the baseline of fuel consumption and
carbon footprint of the fishing vessels that operate during the
albacore fishing season in the Bay of Biscay and the northeast
Atlantic. The fuel consumption curves set in the present study are
applicable to estimate fuel consumption of fishing vessels with
similar characteristics of the six studied vessels from 2015 to
2019, with data such as the VMS that may be much easier to
acquire than fuel flow meters or other intrusive fuel consumption
measuring devices. These curves were used to calculate the FUI and
carbon footprint for both fishing gears (LTL and LHP). The
following conclusions were drawn:

-The fuel consumption calculation curves determined with
NIMS were in good agreement with the curves acquired with
intrusive fuel consumption acquisition systems. All curves
acquired with NIMS and IMS were fitted with cubic functions,
which showed high adjustment levels. This sets a valuable
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reference to calculate approximate fuel consumption in other
albacore fishing or similar vessels based on VMS or GPS data,
and account for the atmospheric impact of such vessels.

-FUI values of 899.2 and 632.6 L/t were obtained for LTL and
LHP vessels, respectively. Regarding carbon intensity, 2.45
and 1.72 kg CO,,/kg landed were obtained for LTL and LHP,
respectively. Both FUT and carbon intensity values are in the
ranges of values reached in other studies and vary depending
on the fishing zone and fishing gear employed. Overall, vessels
using trolling lines tend to cover longer distances than vessels
using pole and line (specifically in longer trips to the western
zones of the Bay of Biscay), even if pole-and-line fishing
vessels end up consuming higher amounts of fuel due to their
bigger dimensions as well as reaching higher catch levels.

-The result of this study opens the possibility of monitoring the
entire albacore LTL and LHP fleet of the Bay of Biscay and
evaluating this fishery in terms of FUI and carbon footprint in
a relatively economic manner. This will facilitate the
development of successful energy-saving strategies that are
appropriate and unique to each fishing mode and contribute
to the decarbonisation of such fishing sector. By monitoring
the energy consumption of the vessel or fleet before and after
the implementation of any energy-saving strategies, under
similar conditions, the effectiveness of the measure can
be estimated.

-In order to transfer this methodology to other fleets, a study

would first have to be carried out on the type of vessel,
propulsion system (fixed or variable pitch), type of fishing,
and free navigation or tugging, and this study should also
determine which parameters are ideal for obtaining fuel
consumption estimates. Even in fleets of greater economic
magnitude, the most sensible approach would be to install
IMS equipment on all vessels and then conduct the study
using that instrumentation. This would also make it possible
to use Al to obtain analysis models automatically.
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