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ABSTRACT: Cruise ships are criticised for air pollution and greenhouse gas emissions. In response to stricter rules and
public pressure, operators are adopting new fuels and innovative propulsion systems to minimise their ecological foot-
print. The aim of this article is to identify and assess current trends and potential directions of development in the field of
fuels and energy systems for cruise ships, based on the analysis of data on the technologies in use or planned for ocean
vessels. By examining 304 vessels from the global fleet, the analysis links passenger capacity, build year as a proxy for
design cohort, and the configuration of fuel and propulsion technologies. Statistical tests were applied to uncover pat-
terns and relationships among these variables. The findings are intended for several key stakeholders: ship designers
seeking to incorporate advanced propulsion technologies, policymakers, and cruise seaport authorities aiming to create
incentive structures for sustainable development.
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Introduction

The cruise shipping market is currently facing huge challenges, because maritime transport,
including cruise ships, is often accused of being responsible for the largest emissions of harmful sub-
stances into the environment. As a result, cruise ship owners are seeking various solutions to miti-
gate their environmental impact, primarily by focusing on powering ships with energy from renewa-
ble sources, connecting ships to shore power while at port, implementing eco-friendly propulsion
systems, and achieving higher energy efficiency through the use of new technologies on board.

A key factor driving ship operators to explore new technological solutions (eco-innovations) that
reduce harmful emissions and enhance energy efficiency is the rising cost of energy and the instabil-
ity of fuel prices on the global market. Additionally, the increasing environmental awareness in the
wider society is a significant incentive, prompting cruise lines to position themselves as environmen-
tally friendly and committed to corporate social responsibility (CSR) principles. For this reason,
cruise operators heavily invest in marketing campaigns aimed at promoting their eco-friendly image.
Moreover, stringent legal regulations, both international and national, restrict the operation of ships
that fail to meet the corresponding ecological standards. Cruise seaports are also introducing internal
regulations and fee schedules to promote vessels that comply with high environmental standards.
These ports offer port-fee discounts or even exemptions in order to incentivise compliance with eco-
logical requirements. Contemporary ecological challenges, including the need to reduce pollutant
emissions and address the challenges of overtourism, are becoming more pronounced. In response to
these issues, cruise shipowners and ship designers are exploring eco-innovative solutions for fuels
and power systems to mitigate the negative impact of mass maritime tourism on the natural environ-
ment. The aim of this article is to identify and evaluate current trends and potential directions for
development in the field of fuels and energy systems for cruise ships, based on an analysis of data on
technologies currently in use or planned for ocean vessels. The study does not include measurements
of energy consumption or the degree of commitment by shipowners, but is based on a statistical
comparison of ship characteristics, such as the year of construction or planned market entry, passen-
ger capacity, and type of propulsion system.

The presented analysis fills the diagnosed gaps in the literature on the subject. It was noted, for
example, that previous research has focused almost exclusively on the engineering aspects of pow-
er-supply solutions for cruise ships, while the economic and management aspects have received less
attention. In addition, there is still a lack of a comprehensive analysis of the fuel sources currently
used by cruise ships and those that are in the testing phase, indicating their benefits and risks, as well
as the costs associated with their use. In addition, previous studies have not indicated how changes
in the field of eco-solutions in relation to ship power have occurred over time, taking into account
changing environmental conditions, mainly legal and social. Therefore, this article attempts a com-
prehensive analysis of the types of fuels used on cruise ships and ship power systems in relation to
their capacity, year of entry into service and regulatory framework. The analysis is by no means
exhaustive, but it is a contribution to further research, because the topic and its threads are very
extensive.

The article consists of five parts. The first chapter presents a review of the literature on the issues
that have a key impact on the activities of shipowners on the cruise shipping market and in the area
of research conducted in relation to ecological solutions implemented on cruise ships, including pri-
marily those aiming at reducing greenhouse gas emissions and at impiiroving energy efficiency. The
types of ecological innovations and the main actors involved in the process of introducing the so-called
eco-innovations on cruise ships are also presented. The second chapter describes the methodology of
the research carried out, and the succeeding chapter presents the results of the research and analysis.
The fourth chapter discusses the research results, referring to domsin-specific scientific literature.
The final chapter offers conclusions, recommendations for future research and highlights the limita-
tions of this study.

In summary, this article primarily aims to provide a descriptive identification of trends and devel-
opment patterns in fuel and propulsion technologies in the segment of ocean-going cruise ships with
capacities of 200-6,000 passengers, rather than a full causal reconstruction of all regulatory and
economic determinants. Only ocean-going cruise ships were included in the analysis, while small
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expedition vessels and river cruise ships were excluded. Moreover, the year of build is treated as an
indicator of a vessel’s membership in a specific design cohort, rather than as a precise measure of the
vessel’s age at the time it was equipped with a given environmental technology. The analysis focuses
on identifying and comparing technological configurations across the defined capacity classes and
year-of-build cohorts of cruise ships, and it deliberately refrains from employing formal causal mod-
els, which would require the collection of a broad set of economic, regional, and ownership data.

An overview of the literature

The cruise shipping market is the fastest-growing segment in tourism. According to the World
Tourism Organisation, an average annual growth of 7% is recorded, while in other tourism segments
it is no more than 4%. Sea travel in 2025 is projected to involve 37.7 million passengers, and this
number is estimated to increase to 48.2 million in 2033 (CLIA, 2025) (Fig. 1). With the development
of the cruise shipping market, several cruise ships are being introduced every year, the costs of which
are huge and sometimes reach up to two billion dollars. In recent times, various movements have
intensified, especially by pro-ecological organisations and residents of popular seaside destinations,
against the development of this segment of the tourist market. The main reason is the heavy pollution
emitted into the environment, mainly from the combustion of HFO heavy fuels. For this reason,
amongst others, cruise shipping companies are looking for economically effective and proven oppor-
tunities to reduce the harmful impact of their activities on the natural environment.
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Figure 1. Demand for sea cruises and forecasts
Source: author's work based on (CLIA, 2024; CLIA, 2025).

There are two main market categories on the cruise shipping market, i.e. small ships taking on
board up to 1000 PAX, so-called medium-sized ships from 1001 to 4000 pax, and the so-called
megaships, on board of which there are up to 6800 pax plus 2300 crew members(Fig. 2), but it is
important from what sources it is powered and what power supply systems it uses for on-board
power plants. In the analyses in this article, the division into ships <1000 (small), and >3000 (large)
is used for the purposes of the analysis.

When talking about the so-called “eco-friendly innovations”, it should be emphasised that these
are simply new technological and organisational solutions that should be conducive to the natural
and social environment. According to the OECD (OECD/Eurostat, 2018) companies should care about
the implementation of new or significantly improved products (goods and services), processes,
organisational or marketing practices “increasing customer satisfaction or reducing the environmen-
tal impacts that can be measured on a nominal or ordinal scale On the other hand, the European
Environment Agency states that “eco-innovation is “any innovation that reduces impacts on the envi-
ronment, increases resilience to the environmental preasures or uses natural resources more effi-
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ciently " (EEA, 2024). The introduction of eco-innovation is inextricably linked to the issues of envi-
ronmental management in organisations. Environmental management is “(...) part of the organisa-
tion’s management system, used to develop and implement its environmental policy and manage its
environmental aspects” (ISO 2004). Ma & Men, (2022) defines as “(...) a method for obtaining to
obtain a competitive advantage and achievr sustainable development such ever-growing environ-
mental pressures “ Zurlini et al. (2008) define environmental management as “(...) actual decisions
and action concerning policy and practice regarding how resources and the environment are
appraised, protected, allocated, developed, used, rehabilitated, remediated and restored”.
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Figure 2. Comparative analysis of the environmental impact of ships from the small and mega ship segments

0006

In principle, the introduction of new innovative solutions by cruise shipping companies to mini-
mise the emission of harmful substances into the environment, mainly greenhouse gases, is related
to environmental management. All leading cruise shipping companies have developed comprehen-
sive sustainable development strategies, as part of which they have planned a number of environ-
mental protection measures, including, above all, reducing CO2 emissions through the use of alterna-
tive fuels, powering ships with energy obtained from RES, as well as investments in technologies to
increase the energy efficiency of ships and achieve net zero emissions by 2050.

Climate change caused by environmental pollution has caused international institutions, govern-
ments, and local governments to introduce restrictions and regulations aimed at reducing the emis-
sion of harmful substances into the natural environment. It is worth quoting the most important of
them, i.e. the MARPOL 73/78 Convention (Annex VI of 1997), 17 Sustainable Development Goals
introduced by the United Nations (United Nations 2015.), Fit for 55 of the European Commission (EC,
2021), and the environmental systems and standards introduced by seaports and maritime organisa-
tions are also of great importance. It is worth mentioning at least a few of them here, such as the
Environmental Management and Audit System EMAS (Regulation 1221/2009 Reg. 1836/93) and I1SO
14001 Environmental management systems - Requirements with guidance for use, or Port Environ-
mental Review System PERS, and International Port Safety and Environment Management Code
IPSEM Code (Bureau Veritas). Outside Europe, other solutions are also used, such as PSHEMES (Port
Safety Health and Environment Management System), PEMSEA (Partnership for Environmental Man-
agement for Sea of East Asia), EPA (Environmental Protection Agency) and GETF (Global Environ-
ment and Technical Foundation).

For several years, many researchers around the world have been undertaking research to assess
the impact of various fuels on the environment, to estimate the advantages, risks and threats associ-
ated with their use, in particular for human health and the natural environment. They also conduct
benchmarking analyses to assess financial and energy efficiency, as well as to optimise energy con-
sumption. For example, an interesting study was conducted by the team of A. Solonen et al. (2023)
aimed to present a hierarchical Bayesian model of propulsion power which uses data collected from
multiple cruise ships to generalise the model to a larger fleet and improve the accuracy of predictions
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for data-constrained vessels. Research is also underway to search for methods to optimise fuel con-
sumption, e.g. by developing an integrated method to optimise engine configuration and cruise speed
of a cruise ship to reduce fuel consumption (Marashian et al., 2025). Energy efficiency and environ-
mental impact assessments are also being conducted, and above all, analyses of the economic effi-
ciency of using alternative fuels such as methanol, ammonia and methane-hydrogen mixtures in
modern large cruise ships (Dotto et al., 2023; Barone et al., 2025; Kistner et al., 2021).

There is, at present, no readily available fuel option to deliver significant savings on local pollut-
ants and greenhouse gas emissions in tandem. In particular, LNG is a promising option for meeting
existing regulations, but it is not a low greenhouse gas emissions fuel.

As part of the search for alternative solutions, the researchers are also conducting comparative
studies of energy management algorithms for hybrid propulsion systems of cruise ships powered by
batteries and solid oxide fuel cells (Unliibayir et al., 2024). Inal et al. (2022) emphasise that “cruise
ships are one of the very high energy demanding ship types due to their huge hoteling requirements
such as air conditioning, lighting, heating, etc.”, which means that deploying battery-only systems at a
large scale is economically unattractive and very difficult to implement. Considering that these ves-
sels often berth close to city centres, where harmful emissions are particularly critical, “hybrid pro-
pulsion becomes a pleasing solution with less emission and affordable technology,” building on the
proven diesel electric arrangement and enabling further optimisation of generator operation. For
example, a team led by G. Barone et al. (2025) set out to develop a method that would increase the
energy efficiency of the power supply system of large ships by identifying the optimal “operating
configuration of on-board diesel generators”.

Areview of the literature pointed to several major gaps. Firstly, comparative studies are undertaken
between the different types of fuels used in the cruise shipping market. Issues related to the benefits of
shore-side energy supply to ships (cold ironing) are being analysed. Secondly, the authors indicate that
cruise ships powered by Heavy Fuel Oil (HFO) are the largest contributors to environmental pollution
within the sector (Karatug et al.,, 2022; Gilbert et al., 2018). To this end, cruise ship operators are install-
ing exhaust gas cleaning systems (EGCS) to reduce sulfur dioxide emissions from exhaust gases. (SOx)
from flue gases (Karatug et al.,, 2022). Moreover, many cruise ships are equipped with diesel engines
and use Marine Diesel Oil (MDO), which is a fossil fuel, and its combustion is associated with emissions
of substances that are harmful to the environment and human health (Kim et al,, 2020; Zhou et al,,
2024). In operational practice, particularly during manoeuvring and berthing in ports, vessels switch to
low sulphur distillate fuels because “ships use MDO/MGO low-sulphur fuels, with less than 0.1% of
sulphur by mass” (Brati¢ et al., 2021). On the other side, ships powered by LNG engines and fueled with
Liquefied Natural Gas (LNG) are less harmful to the natural environment (Thomson et al,, 2015). The
same conclusions were shown by Salarkia and Golabi (2021), who indicated in their study that ,,LNG
has lower emissions and offers major environmental benefits at regional and global levels”. Recently,
combinations of diesel, gas, and electric engines have been increasingly used. Researchers Mrzljak and
Mrakov¢i¢ (2016) emphasise that “diesel-electric propulsion systems is installed in most modern large
cruise ships because this system proved to be more acceptable and more economical”, while at the same
time it is evident that some cruise ship operators also adopt “other combined propulsion systems”
(Mrzljak & Mrakov¢i¢, 2016), which promotes the wider uptake of solutions combining diesel engines,
gas-based energy sources, and electric propulsion. Geertsma et al. (2017), similarly observe that “the
recent trend to design more efficient and versatile ships has increased the variety in hybrid propulsion
and power supply architectures”. In turn, Bolbot et al. (2020), analysing cruise ship power plant optima-
sation and comparative performancenote that “optimal future power plant” designs should apply a
combination of various technologies.

In response to these issues, cruise shipowners and ship designers are exploring eco-innovative
solutions in fuels and power systems to mitigate the negative impact of mass maritime tourism on the
natural environment (Figure 3).

There are currently a total of 520 cruise ships operating in the world, 304 of which can be classi-
fied as assessment units. Unfortunately, the vast majority of them have been built according to old
technologies and can only use alternative methods -so-called scrubbers, and thus reduce the level of
pollution, because the introduction of new ecological technologies would be associated with high
costs and would not be economically effective. Plans are underway to implement ship propulsion
systems based on renewable energy sources, including solar and wind power (Kizielewicz, 2021).
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Figure 3. Eco-innovations used on modern cruise ships
Source: authors’ work based on (CLIA, 2023).

Cruise ships use various types of fuels, including primarily heavy fuel oil (HFO), low sulphur fuel
oil (LSFO) and thus various ship power systems. Unfortunately, retrofitting older vessels for the use
of alternative fuels is not realistic due to the high costs of this type of investment. The greatest pollu-
tion is generated by cruise ships using Heavy Fuel Oil (HFO) (Karatug etal., 2022; Gilbert et al., 2018).
The use of HFO is associated with high emissions of CO,, SO4 and NOy. These ships are powered by
two-stroke or four-stroke engines. Due to restrictive regulations on the level of emissions of harmful
pollutants into the environment, shipowners equip cruise ships with exhaust gas cleaning systems,
known as EGCS Exhaust Green Cleaning Systems, the so-called scrubbers, which are designed to
remove sulfur dioxide (SO,) from exhaust gases (Karatug et al., 2022). Such solutions are used on
their ships by the largest cruise corporations in the world, such as: Carnival Cruise Line (e.g. Carnival
Horizon 3,960 PAX, Carnival Panorama 4,008 PAX), Royal Caribbean International (e.g. Oasis of the
Seas 5,400 PAX, Allure of the Seas 5,400 PAX), Norwegian Cruise Line (e.g. Norwegian Escape 4,266
PAX, Norwegian Epic 4,100 PAX) and others. Today, many cruise ships are also equipped with diesel
engines and use Marine Diesel Oil (MDO), such as Queen Mary 2 - Cunard Line, 2,620 passengers, or
MSC Meraviglia - MSC Cruises (Wartsila, 2025), 4,500 passengers (MSC Cruises, 2023). Bolbot et al.
(2020) describe that in order to meet the restrictive requirements regarding SO, emissions from
ships “is the switching to low sulphur content fuel, as the MarineDiesel Oil (MDO)”, and at the same
time show that ,,optimal configurations with dual fuel engines operating with natural gas exhibit
lower lifecycle cost and lifetime emissions”.

This fuel is slightly less harmful, as it emits slightly less SO, into the environment than CO,. On the
other hand, ships using LNG engines and powered by Liquefied Natural Gas (LNG) are even less
harmful to the environment than those described above (Thomson et al.,, 2015), but in turn, very
expensive. Moreover, the port infrastructure is still not sufficient to meet the needs of cruise shipping
companies in this area.

In recent years, many units of this type have been introduced to the market, such as AIDAnova -
AIDA Cruises (6,600 PAX), or Costa Smeralda - Costa Cruises, (6,554 PAX) or Mardi Gras - Carnival
Cruise Line (6,500 PAX) and many others. In addition, there are plans for further ordered cruise
vessels that will be able to use LNG. According to Inal et al. (2022), a “ship-specific approach” is a
necessary condition for the proper selection of solutions in the areas of energy storage, power gener-
ation, and the configuration of propulsion architecture (Table 1).
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Table 1. Types of cruise ship power sources

Type of Fuel /
Propulsion System

Liquid fuels (in practice VLSFO/
MGO); diesel-electric propulsion

CODAG / Integrated electric pro-
pulsion (diesel + gas turbines)

Conventional liquid fuels (MGO/
VLSFO/HFQ depending on compli-
ance & equipment)/Diesel-electric

Liquefied Natural Gas (LNG)/~
dual-fuel engines / LNG drive system

Hybrid Power Systems/ LNG with
bateries

Hybrid Power Systems/ Diesel +
bateries

Solar energy /

Photovoltaic panels as the main
or supporting energy source

100% electric (baterie)

Wind energy /
Sails or rotors

Bio-LNG / LBG (temporarily /
optionally)

Description / features

High CO,/NOx emissions (and particulate matter);

VLSFO/MGO mainly reduce sulfur emissions

Emits CO, & NOx; at high speeds, gas turbines
typically increase fuel consumption and emission

Emits CO,/NOx (and PM); HFO has higher SOx/
PM, MGO/VLSFO reduce SOx; diesel-electric can
slightly cut fuel use

Lower SOx/PM and often lower CO,; NOx and
methane slip remain

Lower SOx/PM, often lower CO,; batteries cut fuel
use, methane slip remains

Emits CO,/NOx, but batteries reduce fuel use and
local emissions during low-load/port operation

Zero emissions in use, but output is intermittent
and manufacturing/disposal have a footprint

Zero local emissions; footprint depends
on electricity mix & battery lifecycle

Reduction of fuel consumption up to ~30%,
zero emissions in use, but variable output

Lower lifecycle CO,, but methane slip remains

Shipowner /
Cruise Company

MSC Cruises
Norwegian Cruise Line

Carnival Cruise Line
Cunard Line

Royal Caribbean International
Norwegian Cruise Line
Carnival Cruise Line

MSC Cruises

Royal Caribbean International
AIDA Cruises

Costa Cruises

P&O Cruises

Carnival Cruise Line

Disney Cruise Line
Ponant

Hurtigruten Expeditions
Hurtigruten

PlanetSolar SA
Peace Boat
The Fjords

Windstar Cruises
Star Clippers

Sea Cloud Cruises

Viking Line

Name
of the Cruise Ship

MSC Meraviglia
Norwegian Bliss

Carnival Magic
Queen Mary 2

Symphony of the Seas
Norwegian Epic
Carnival Vista

MSC Bellissima

Oasis of the Seas
AlIDAnova

Costa Smeralda

P&0 lona

Mardi Gras

Disney Wish

Le Commandant Charcot

MS Fridtjof Nansen
MS Trollfjord

MS Tdranor PlanetSolar
Ecoship (planowany)
Future of the Fjords

Wind Surf
Flying Clipper
Sea Cloud Spirit

Viking Glory

Source: authors' work based on (Norwegian Cruise Line Holdings Ltd., 2024; Royal Caribbean Group, 2022; Carnival Corpora-
tion & plc., 2024; Carnival Corporation & plc., 2023; MSC Cruises, 2023; Fincantieri, 2025; MEYER WERFT, 2018, Metalships &
Docks, 2021, , Bahti¢2021, SEA-LNG., 2024, Ship Technology, 2021, The Maritime Executive, 2011, Viking Line. 2024, Wartsila,

2022).

In recent years, cruise ships featuring hybrid solutions have also been gaining popularity (Inal et
al,, 2022). Hybrid solutions specifically refer to combinations of diesel, gas and electric engines (die-
sel, LNG, electric motors). (Gheisarnejad Chirani et al.,, 2023) This type of solution has already been
used, for example: by Norwegian Cruise Line (Norwegian Bliss 4,004 PAX, Norwegian Encore 3,998
PAX) (Jordan, 2018; Scheepvaartwest, 2024), by TUI Cruises (Mein Schiff 1 2,894 PAX) (Howard,
2017);and MSC Cruises (MSC Grandiosa 4,888 PAX - 6.334 PAX) (Scheepvaartwest, 2020) and other

cruise lines.

Solutions aiming at utilising energy from renewable energy sources, such as solar or wind power,
are increasingly being considered. ,Cruise ship owners are very open to various new solutions that
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enable harvesting energy from renewable sources” including “wind... and... photovoltaic panels”
(Kizielewicz, 2021). Nevertheless, these solutions are still in the testing phase on very small cruise
ships.

Research methods

The research process consisted of three main stages. In the first stage (from September 2024 to
November 2024), a systematic review of the scientific literature and industry reports was conducted,
focusing on fuel and propulsion technologies in cruise shipping and on environmental regulations
(MARPOL, EU directives, and Net-Zero initiatives). In the second stage, secondary data on the cruise
ship fleet were collected and organised (from November 2024 to December 2024). In the third stage
(from January 2025 to February 2025), statistical analyses were carried out, and conclusions were
formulated.

The objective of this article is to provide a descriptive identification and characterisation of
trends and development patterns in fuel technologies in the segment of ocean-going cruise ships with
capacities between 200 and 6,000 passengers, rather than to deliver a comprehensive causal identi-
fication of all regulatory and economic determinants. The study does not measure energy consump-
tion or the degree of shipowners’ commitment; instead, it is based on a statistical comparison of
vessel characteristics as such, including the year of construction or the planned market entry, passen-
ger capacity, and propulsion type. The analysis relies on secondary industry data from Cruise Indus-
try News reports and disclosures by the largest cruise operators.

For the purposes of the study, two research questions were formulated: RQ1: Which types of fuels
and propulsion systems dominate among cruise ships with different passenger capacities? RQ2: Does
the time of market entry (year of build) have a statistically significant effect on the choice of propul-
sion technologies? In addition, the following research hypothesis was proposed: H1: In the segment
of cruise ships with higher passenger-carrying capacity (e.g., > 3,000 passengers), alternative or
low-emission solutions (e.g., LNG, hybrid propulsion, biofuels) are used more frequently than in the
segment of ships with lower passenger-carrying capacity(e.g., < 1,000 passengers).

Moving to a detailed description of the research stages, in the first stage a systematic literature
review was conducted using the ScienceDirect platform. For a systematic review of the literature, a
list of search words and terms related to eco-innovation was defined, which allowed for gathering
publications for deeper analysis. In order to review the literature, several data from databases were
defined, i.e. the time criterion, the type of scientific publications criterion and the availability crite-
rion. Publications from the period from 2014 to 2025, only research papers and review papers, and
those available in the Science Direct database in the Open Access option were selected for analysis
(Fig. 4).

At the same time, a multi-stage review of data resources was used, i.e. first, publications were
searched for using 10 selected keywords containing the most important terms encountered in the
literature in relation to propulsion systems, i.e.: . 1) “onshore power” AND “ cruise ships”; 2) “propul-
sion” AND “cruise ships”; 3) “LNG” AND “cruise ships”; 4) “diesel” AND “cruise ships”; 5) “electric
motors” AND “cruise ships”; 6) “wind propulsion” AND “cruise ships”; 7) “biogas” AND “cruise ships”;
8) “methanol” AND “cruise ships”; 9) “hydrogen” AND “cruise ships”; 10) “ammonia” AND “cruise
ships” (Figure 4). In the second phase, the review was narrowed down to the title, and in the third
step to the abstract and author-specified keywords. As a result of filtering and verification of repeti-
tions, a total of 40 publications were achieved, which are included in the list of references. This pro-
cess allowed for the identification of key trends and research gaps in the area of eco-innovations
within the maritime tourism industry, especially in the field of eco-fuels and propulsion technologies,
and formulation of research questions, research objectives and research hypotheses.

Next, in the second stage of the study, the data were analysed from annual reports from 2019 to
2024, and reports by Cruise Industry News, Cruise Line International Association and Statista on the
state of the cruise ship fleet in the world were also analysed.

Subsequently, data from the Cruise Industry News annual reports on the state of the global cruise
ship fleet were analysed. Currently, the fleet consists of a total of 520 passenger cruise ships of vari-
ous types (coastal, icebreaker, river, sailing, yacht, ocean) manufactured between 1931 and 2024 and
planned to be launched on the market by 2027.
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Figure 4. Research model used in the research

Data is presented by coastal, icebraker, river, sailing, yacht, and ocean (including, ocean ships,
ocean educational ships, ocean passenger-cargo ships, and ocean residence ship). The collected data
set included information on main parameters of the ship (passenger capacity, year of construction /
planned introduction), fuels used and forms of power supply, selected environmentally friendly
on-board systems (e.g. scrubbers, wastewater treatment systems). The database has data from ships
with a tonnage of 30 GT to 150,800 GT destined for voyages from 10 PAX to 6000 PAX. However, for
the purposes of research and detailed statistical analysis, only data that met all of the following crite-
ria were used (Tomczak et al,, 2014), i.e.:
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ocean-going vessels

exclusively for excursion flights intended for passengers

with a capacity of 200 PAX to 6000 PAX.

As a result of the criteria used, from a database of a total of 520 units, 304 units that met the
above-mentioned criteria were taken into account. The selected criteria were aimed at conducting an
analysis on vessels that transport tourists en masse to tourist destinations, and may be a source of
overtourism and mass tourism, as well as a source of environmental pollution.

Statistical analyses were carried outin R (version 4.5.1), with additional descriptive statistics and
selected plots prepared in Statistica 14 and MS Excel. The distributions of key continuous variables
(e.g. passenger capacity) were strongly skewed, normality was rejected by the Shapiro-Wilk test, and
variances between groups were often heterogeneous (Levene’s test). For this reason, rank-based
non-parametric tests were used as the primary statistical tests.

Differences between two independent groups (e.g. ships with vs. without environmental technol-
ogies) in continuous variables such as passenger capacity were analysed using the Mann-Whitney U
test. Differences among more than two groups (e.g. technology categories) were assessed with the
Kruskal-Wallis test. Both procedures are based on ranks rather than raw values and, in general, com-
pare the distributions in the groups; when the shapes and spreads of the compared distributions are
similar, their results may be interpreted as differences in location (medians). For statistically signifi-
cant Kruskal-Wallis tests, post-hoc multiple comparisons were performed using Dunn’s test with
Holm correction for multiple testing. For the Mann-Whitney tests, we report rank-biserial correlation
as a measure of effect size, and for the Kruskal-Wallis tests, we report eta-squared.

As sensitivity analyses, we additionally applied parametric methods (Welch'’s t-test, Welch’s one-
way ANOVA and simple linear models for log-transformed passenger counts). These parametric
results were qualitatively consistent with the rank-based tests, so the non-parametric analyses are
reported as primary.

For hypothesis H1, which compared the adoption of low-emission technologies between small
(<1000 passengers) and large (>3000 passengers) cruise ships, we first examined the bivariate asso-
ciation using Pearson’s chi-square test of independence for a 2x2 contingency table. As an effect size
measure, we reported Cramér’s V with 95% confidence intervals, in order to quantify the strength of
the association beyond mere statistical significance.

To account for the multivariate nature of the data and to formally test hypothesis H1 while con-
trolling for confounding, we additionally fitted logistic regression models with the use of environ-
mental technology as the binary dependent variable. In the main multivariable model, the indicator
of low-emission technology was regressed on passenger capacity and year of build; odds ratios (OR)
with 95% confidence intervals and McFadden'’s pseudo-R? were reported. This model allowed us to
assess whether larger and more recently built ships are more likely to be equipped with low-emis-
sion technologies, after mutual adjustment for both predictors. A simpler logistic regression with
low-emission technology as the outcome and year of build as the only predictor was used to describe
the temporal trend in the adoption of low-emission technologies and to derive scenario-based projec-
tions for 2025-2030.

Results of the research

In the first step, we compared passenger capacity between cruise ships equipped with any envi-
ronmental technology and those without such solutions. Because the distribution of passenger num-
bers was highly skewed, we used the non-parametric Mann-Whitney U test, treating the result as a
comparison of the distributions (in particular their location) in the two groups (Table 2).

Results of the Mann-Whitney U test. Comparison of units equipped with at least one environmental
technology vs. those without any technology

Comparison Test Statistics (W) p r (rank-biserial) 95%Clr
Any_env_tech: 0 vs 1 (Passengers) Mann-Whitney 1693.5 <2107 -0.72 [-0.79;-0.63]
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Currently, various ship propulsion options are already available on the market, but as mentioned
above, unfortunately, it is often impossible to modernise older vessels to use alternative fuels due to
the high costs of this type of investment. And all newly ordered and designed cruise ships are equipped
with modern, environmentally friendly hybrid technologies that use renewable energy sources,
hydrogen and other future-proof solutions. In addition, newly designed cruise ships use all possible
available solutions to increase the energy efficiency of ships, both within the ship structure itself and
the operational and operational activities of ships, and reduce the level of pollutant emissions. In the
surveyed fleet of ocean-going cruise ships, 67% are equipped with Scrubbers, (implemented either
independently or in combination with other technologies), which makes them the most prevalent
solution among vessels introduced to the market up to 2024 in the 200 - 6,000 PAX category. Despite
the evolution of regulations (IMO, EU), a substantial share of the fleet - especially older ships - still
does not meet the latest standards without the use of low-sulphur fuels. A total of 44% of the vessels
are equipped with systems enabling connection to OPS; among these, 32% are also fitted with scrub-
bers, and 6% are LNG-capable. Scrubbers dominate as the most cost-effective method of ensuring
compliance with SOy limits, particularly when burning heavy fuel oil. OPS and LNG are developing
more slowly, mainly due to higher capital costs, the lack of global infrastructure (especially for shore
power supply and LNG bunkering), and the challenges of retrofitting older vessels. Only 6% of ships
simultaneously feature two modern technologies (LNG + shore power or a “3-in-1” configuration),
which confirms that comprehensive fleet decarbonisation is only beginning (Fig. 5).

Scrubbers 67%
Shorepower 44%
Shorepowe+Scrubbers 32%
None 19%
LNG 8%
LNG+Shorepower 6%
Shorepower+Scrubbers+LNG 1%

0% 10% 20% 30% 40% 50% 60% 70% 80%

Eco friendly propulsion systems in the cruise ship fleet in the period 1981-2027 (n=304 till 2027)
Source: author's work based on Cruise Indusytry News Annual Reports, 2019, 2020, 2021, 2022, 2023, 2024).

The results of the statistical analysis of data from the period from 1981 to 2024 and the estimate
until 2027 showed that a significant impact on the introduction of various eco-innovations on cruise
ships is reflected in changes in legal regulations, both at the international and local levels, introduced
by local governments of coastal cities and seaports to protect the natural environment. In recent
years, particularly drastic climate changes caused by severe environmental pollution have had a sig-
nificant impact on accelerating eco-innovation and testing various pro-ecological solutions in the
field of powering cruise ships, with maritime cruise shipping being accused of the greatest pollution
with greenhouse gas emissions.

In addition to the percentage distribution of technologies, we examined whether passenger
capacity differs between ships with different environmental-technology configurations (LNG_tech,
Hybrid tech, None, Scrubber_tech and Shore_tech). The Kruskal-Wallis test showed that passenger
capacity differed significantly between the five technology categories (H = 86.43; df = 4; p < 0.001),
with a large effect size (n? ~ 0.30). The lowest passenger capacity was observed for cruise ships
without environmental technologies (None_tech; median = 750 passengers, IQR = 984), whereas the
highest capacities were found for cruise ships equipped exclusively with LNG (LNG_tech; median =
5212 passengers, IQR = 1212) and for cruise ships using combinations of technologies (Hybrid_tech;
median = 2868 passengers, IQR = 2010) (Table 3).
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Passenger capacity (median and IQR) by environmental technology category (tech_cat) for cruise ships

from 200 to 6000 PAX.
Technology categories (tech_cat) N mediana IQR
LNG_only 4 5212 1212
Hybrid tech 104 2868 2010
None_tech 54 750 984
Scrubber_only 98 2400 1666
Shore_only 19 1750 1750

Test Kruskala-Wallisa: H = 86,43; df = 4; p < 0,001; eta?_kw = 0,297

Post-hoc Dunn tests with Holm correction indicated that cruise ships with LNG_only, Multiple
technologies and Scrubber_only all had significantly higher passenger capacities than cruise ships
without environmental technologies (None_tech; p.adj < 0.01 for these contrasts). In addition, cruise
ships in the hybrid category differed significantly from those with Shore_only (p.adj < 0.001). Other
pairwise comparisons were not statistically significant after adjustment for multiple testing (Table 4).

Results of Dunn'’s post-hoc tests with Holm correction for five environmental-technology categories

(tech_cat)
Group1 Group?2 nl n2 Statistic p p.adj p.adj.signif
LNG_only Hybrid_tech 4 104 -0.607 5.44E-01 5.44E-01 ns
LNG_only None_tech 4 54 -3.45 5.65E-04 3.95E-03 X
LNG_only Scrubber_only 4 98 -1.3 1.95E-01 3.89E-01 ns
LNG_only Shore_only 4 19 -2.33 1.96E-02 7.83E-02 ns
Hybrid_tech None_tech 104 54 -8.81 1.25E-18 1.25E-17 Hokxk
Hybrid_tech Scrubber_only 104 98 -2.51 1.22E-02 7.34E-02 ns
Hybrid tech Shore_only 104 19 -3.91 9.28E-05 7.42E-04 Hokk
None_tech Scrubber_only 54 98 6.64 319E-11 2.87E-10 ok
None_tech Shore_only 54 19 1.88 5.96E-02 1.79E-01 ns
Scrubber_only Shore_only 98 19 -2.48 1.30E-02 7.34E-02 ns

The data presented in Figure 6 shows the number of cruise ships equipped with exhaust gas
cleaning systems (EGCS, scrubbers), either installed at the shipyard or retrofitted, by year of build in
the period 1981-2027 (n = 201). Three phases can be distinguished. In the 1980s and early 1990s
only single units per year were equipped with EGCS, reflecting early pilot applications. From the mid-
1990s onwards, the annual number of ships with scrubbers increased, reaching values of up to about
8-10 units per year around 2018-2020. In the most recent years of the time series and in the order-
book for 2025-2027, the number of ships with scrubbers decreases again, suggesting a lower interest
in this solution among newbuildings. These temporal patterns may be linked to broader changes in
environmental and climate policy. While EGCS enabled the continued use of high-sulphur fuel oil
under tightening sulphur limits, more recent zero-net-emission objectives increasingly favour alter-
native low-sulphur or low-carbon fuels (e.g. LNG) and hybrid eco-technological solutions, which can
reduce the relative attractiveness of scrubber installations on newly built cruise ships.

Explaining the observed changes in more depth, it should be emphasised that as early as the early
1980s, cruise shipping companies made the first attempts to introduce solutions to reduce green-
house gas emissions into the environment in the form of exhaust gas cleaning systems (EGCS, the
so-called scrubbers. These measures were due, among other things, to the introduction of the first
regulations on reducing pollution and increasing maritime safety under the MARPOL 73/78 (IMO, 1983)
convention whjch entered into force o2 October 1983, Since the mid-1990s, the pressure on environmental
protection had not been too strong, and it was only the introduction of subsequent solutions, i.e.
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annexes I1I-VI, which were presented in the years 1997-2005 (IMO, 1997, IMO, 2010; IMO, 2015; IMO,
2016;1IMO, 2019; IMO, 2020; IMO 2005) significantly changed the approach of shipowners. A number
of restrictive restrictions on SOx emissions and Sulphur Emission Control Areas (SECAs) have been
introduced, thus forcing shipowners to intensify their activities (Figure 6).

12

10

1970 1980 1990 2000 2010 2020 2030

Number of cruise ships equipped with EGCS / scrubbers installed at the factory or as part of retrofitting
(units / year) in the period 1981-2027 (n=201)

Source: author's work based on Cruise Industry News Annual Reports, 2019, 2020, 2021, 2022, 2023, 2024).

The use of scrubbers on ships has become less popular in recent years due to restrictive regula-
tions and increased fuel costs. The zero-net emissions policy means that hybrid eco-technological
innovations are used in newly built cruise ships (Inal et al., 2022), allowing the use of ecological
alternative fuels, instead of HSFO High Sulphur Fuel Oil (sulphur content: > 0.50%).

Moreover, Ghenai et. al. (2019) studies showed that integrating renewable energy sources and
fuel cells into hybrid systems on cruise ships makes it possible to meet the vessel’s energy demand
without causing significant power shortages, while simultaneously reducing the operating time of
diesel generators. In the study conducted by this research team, “the renewable fraction is 13.83%"
and “a net reduction of 9.84% of the greenhouse gas and particulate matter emissions,” which indi-
cates that hybridisation can become a genuinely effective solution to support the goals of the zero net
emissions policy.

1970 1980 1990 2000 2010 2020 2030

Shore power devices in the cruise ship fleet in the period 1981-2027 (n=139)
Source: author's work based on (Cruise Industry News Annual Reports, 2019, 2020, 2021, 2022, 2023, 2024).

From the mid-1990s until around 2003, the use of solutions related to connecting cruise ships to
shore power (OPS) was driven mainly by voluntary initiatives of ports and shipowners in environ-
mentally sensitive regions such as Alaska or Scandinavia. Later developments in the uptake of OPS
coincided with successive rounds of more stringent air-pollution and greenhouse-gas regulations
issued by the IMO, and, more recently, with EU climate policy such as the “Fit for 55” package (Euro-
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pean Commission, 2021). In particular, a clear increase in the number of ships equipped with shore-
power capability can be observed after 2015, and the strong growth in 2020-2024 reflects both
pre-pandemic cruise ship orders and the emergence of global net-zero targets (Figure 7).

Due to the high costs associated with the construction of OPS infrastructure in sea ports and
related to the transfer of energy to OPS installations, still few seaports are prepared to provide ser-
vices in this area for mega cruise ships. For these reasons, ship owners are looking for other alterna-
tive eco-innovative solutions in the field of ship power supply in newly ordered cruise ships.

Another eco-innovative solution for powering cruise ships is the use of liquefied natural gas
(LNG), which is considerably less harmful to the environment than conventional high-sulphur fuel
oils. Figure 8 presents the number of LNG-fuelled cruise ships by year of build in the period 1981-
2027 (n = 36). Until around 2010, LNG played a marginal role in the cruise segment, and no LNG-
fuelled units were delivered. The first cruise ships equipped with LNG propulsion appeared only in
the 2010s, followed by a clear acceleration after 2020 and a pronounced peak in deliveries and orders
around 2022-2025. In the orderbook for 2025-2027, the annual number of LNG-fuelled ships remains
elevated, although the curve suggests a possible stabilisation rather than a continued rapid increase.

The development of LNG propulsion in cruise shipping reflects a combination of drivers, including
stricter emission regulations, relative fuel prices, technological advances in dual-fuel engines and grow-
ing passenger expectations for “green” cruising. At the same time, cruise companies and shipyards are
already exploring a broader portfolio of alternative and potentially synthetic fuels, as well as other low-
and zero-carbon energy sources. These emerging options may, in the longer term, compete with LNG as
a preferred solution for reducing the carbon footprint of new cruise ships (Figure 8).

1970 1980 1990 2000 2010 2020 2030

LNG supply in the cruise ship fleet in the period 1981-2027 (n=36) (jednostki/rok)
Source: author's work based on (Cruise Industry News Annual Reports, 2019, 2020, 2021, 2022, 2023, 2024).

Whereas, Figure 9 summarises the annual number of cruise ships equipped with LNG propulsion,
shore power (OPS) and exhaust gas cleaning systems (EGCS/scrubbers) in the period 1981-2027 (n
=304). Scrubbers appear first and for many years dominate among environmental technologies, with
higher numbers of installations around the early 2000s and again in the late 2000s and early 2010s,
followed by a decline in the most recent years and in the orderbook. Shore power develops more
slowly but in a more continuous way, with a clearer increase after 2010 and particularly high num-
bersin the early 2020s. LNG remains absent until the 2010s and then shows the most dynamic growth
after 2018, with several LNG-fuelled ships delivered or on order each year in the 2020-2025 period.

These patterns reflect the combined influence of regulatory pressure, fuel prices, technological
maturity and social expectations for “greener” cruising. OPS solutions grow relatively steadily and
receive strong political support in the EU, as they reduce local air pollution, noise and vibration dur-
ing port calls and can become a prerequisite in many ports. LNG has shown the highest recent growth
dynamics, but in the longer term, it may increasingly compete with emerging synthetic and other
low- and zero-carbon fuels. Scrubbers, in turn, are gradually losing importance for newly built units
due to restrictive regulations and high fuel prices.
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HLNG Shorepower Exhaust Gas Cleaning

Figure 9. Propulsion systems in the cruise ship fleet in the period 1981-2027 (n=304)
Source: author's work based on (Cruise Industry News Annual Reports, 2019, 2020, 2021, 2022, 2023, 2024).

However, Figure 10 shows the number of eco-friendly propulsion solutions (LNG, shore power
and/or exhaust gas cleaning systems) by ship size class. Small ships (<1000 PAX) most often have no
or only a single environmental technology installed, whereas ships in the 1000-3000 PAX and >3000
PAX segments typically have at least one such solution, and in many cases two or more. Outliers with
three technologies combined occur almost exclusively among the largest vessels. This descriptive
pattern suggests that larger ships tend to concentrate a greater number of environmental technolo-
gies than small units.

Fum ber of eco-friendly propulsion
solusions
-
(¥a]

1.0
0.5
0.0 ] ] ] ] ; Median
< 1000 1000-3000 =3000 25%_?5%
MNon-outlier range
PAX 7 Qutliers

Figure 10. Eco-friendly propulsion systems in the cruise ship fleet in the period 1981-2027 (n=304)
Source: authors’ work based of (Cruise Industry News Annual Reports, 2019, 2020, 2021, 2022, 2023, 2024).

To formally test hypothesis H1, we examined whether large cruise ships use low-emission tech-
nologies more frequently than small units. For this purpose, we defined an indicator of low-emission
technology (alt_low = 1 for ships equipped with LNG and/or shore power) and distinguished two
capacity classes: small ships (<1000 passengers) and large ships (>3000 passengers). In the small-
ship group, alt_low was present in 16 out of 65 units (24.6%), whereas in the large-ship group it was
present in 51 out of 84 units (60.7%) (Table 5).

Pearson’s chi-square test of independence confirmed a statistically significant association
between ship size and the use of low-emission technologies (x?(1) = 19.30; p = 1.12-107%). The effect
size measured by Cramér’s V was moderate (V = 0.35; 95% CI: 0.21-1.00), indicating that large ships
are much more likely to be equipped with LNG and/or shore power than small units. These results
support hypothesis H1.
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Cross-tabulation of low-emission technology (alt_low) by ship size class (<1000 vs >3000 PAX)

Capacity class No alt_low (0) alt_low =1 Total Share z alt_low
small < 1000 PAX 49 16 65 24,6%
large > 3000 PAX 33 51 84 60,7%

Test ¥2: 2 =19,296; df = 1, p = 1,12:10°%; Cramér's V: V = 0,35; 95% Cl: [0,21; 1,00]

To account for the joint effects of ship size and time of market entry (P2), we fitted a multivariable
logistic regression model with the use of low-emission technology as the dependent variable (alt_low
=1 for ships equipped with LNG and/or shore power). The analysis was restricted to ships built up to
2024 (Built < 2024; n = 279). Passenger capacity (expressed in thousands of passengers) and year of
build were included as predictors (Table 6).

Results of logistic regression for cruise ships built up to 2024 (Built < 2024), n = 280.

Variable Beta SE z P OR 95% Cl for OR
(Intercept) -139.58 30.36 -4.60 <0.001 - -

Passengers (thousand) 0.29 0.10 2.81 0.005 1.34 1.10-1.65
Year of build 0.07 0.02 4.56 <0.001 1.07 1.04-1.10

McFadden’s pseudo-R?  0.13. Interpretation: an increase of 1000 passengers is associated with
a 34% increase in the odds of a ship being equipped with LNG and/or shore power (alt_low), while
each additional year of build increases these odds by about 7%. Both effects are statistically signifi-
cant and remain independent in the multivariable model.

Both predictors were positively and significantly associated with the probability of adopting
low-emission technology. An increase of 1000 passengers was associated with a 34% increase in the
odds that a ship uses LNG and/or shore power (OR = 1.34; 95% CI: 1.10-1.65; p = 0.005), while each
additional year of build increased these odds by about 7% (OR = 1.07; 95% CI: 1.04-1.10; p < 0.001).
Thus, larger and more recently built cruise ships are more likely to be equipped with low-emission
technologies, and these effects remain after mutual adjustment of the predictors. The model showed
moderate explanatory power (McFadden’s pseudo-R? = 0.13), which is typical for models describing
investment decisions made under complex regulatory and economic conditions.

Analysing the data presented in Figure 11, a clear increase in cruise ship passenger capacity over
time can be observed for the period from 1981 to 2027. In the 1980s and 1990s, smaller vessels
(<2000) predominated, and no low-emission solutions were installed on them (“None_tech” - red).
However, already in the early 1990s, in response to societal expectations and under pressure from
environmental groups, operators of medium and large vessels began to adopt transitional technolo-
gies, i.e., scrubbers (“Scrubbers_only” - blue “+”). Only after 2015 did larger vessels in the range of
3000 to 6000 passengers begin to appear, on which hybrid solutions started to be applied (“Hybris_
tech” - green squares), most frequently on vessels carrying more than 4000 passengers.

This may suggest the direction of development of new low-emission designs in the cruise ship
fleet. Shore power (“Shore_only” - orange diamonds) is more dispersed and more often concerns
smaller and medium-sized ships, which may result from the significant role of determinants related
to the availability of infrastructure in seaports. Finally, solutions involving PNG/LNG (“LNG_only” -
black dots) are rare in the cruise ship fleet. The first vessels were recorded only after 2018, and these
solutions are applied both in the segment of the largest cruise ships (>5000 PAX) and in small vessels.
It is also worth noting that, after a period of relative stagnation in recent years, operators are once
again deciding to order small cruise ships and plan to equip them with low-emission technologies.

Based on the logistic trend model (Table 7), the scenario values in Table 8 suggest that, if the
historical pattern continues, the share of new cruise ships equipped with LNG and/or shore power
could stabilise at around 75-80% in the second half of the 2020s and early 2030s. Importantly, the
observed orderbook for 2025-2028 is broadly consistent with these scenario probabilities: in each
year, the actual proportion of ships with low-emission technologies (67-100%) falls within the corre-
sponding 95% confidence intervals.
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Figure 11. Number of vessels in successive years, broken down by the size of cruise ships (number of passengers)
and the low-emission systems applied.

Source: author's work based on (Cruise Industry News Annual Reports, 2019, 2020, 2021, 2022, 2023, 2024).

Table 7. Results of the logistic regression describing the temporal trend in the adoption of low-emission
technologies (alt_low) as a function of the ship’s year of build (Built) for vessels built up to 2024

Variable Beta SE z p OR 95% Cl OR*
(Permanent) -169.40 28.54 -5.94 <0.001 - -
Year of bulid 0.08421 0.0142 593 =310° 1.09 -

pseudo-R? McFaddena = 0,11 (moderate model fit). Each additional year of build is associated with an approximately 9% increase
in the odds that a ship is equipped with LNG or shore power (OR = 1.09)

Table 8. Probabilistic scenario of the share of cruise ships with low-emission technologies in 2025 to 2030
(alt_low (model), 2025 to 2030)

Year Probab_scenariusz Lower_95 Upper_95 N_plan Share_plan
2025 0.75 0.65 0.83 12 75%
2026 0.77 0.67 0.85 6 67%
2027 0.78 0.68 0.86 5 80%
2028 0.80 0.69 0.87 1 100%

Nevertheless, these values should be interpreted as a scenario-based extension of the trend
rather than as precise forecasts. The wide confidence bands, the limited number of planned ships in
later years and the possibility of future technological or regulatory shifts all mean that the long-term
uptake of low-emission technologies remains subject to considerable uncertainty.
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Discusion

Climate change, gradually intensifying in recent years, has fuelled the efforts of various interna-
tional organisations to introduce regulations supporting environmental protection, as discussed
above. At the same time, given the growing interest in implementing eco-innovations in cruise ship-
ping, it can be inferred that certain policies coincide in time with changes in technology deployment.
Based on the analysis and empirical data presented in this article, there are no formal grounds to
support their causal effect. The analysis of various types of fuels and cruise ship power systems avail-
able on the market shows that the market in this area is very dynamic and unpredictable. This is
mainly due to formal, legal, geopolitical and economic conditions. Cruise ship owners are following
the increasingly restrictive solutions and restrictions introduced in terms of reducing the emission of
harmful substances into the environment, which is associated with huge costs and investments. On
the other hand, seaport authorities are also facing major challenges, which are also obliged to pre-
pare appropriate infrastructure to increase energy efficiency and ensure access to renewable energy
sources. Uncertainty is also exacerbated by the unstable political situation, which has a large impact
on fuel costs and supply chains. The rush to test new alternative sources of power for ships is enor-
mous. Currently, attempts to use zero-emission solutions are being made in the conceptual phase.

The first solution described above was the use of scrubbers by cruise shipping companies and
was a simple form of reaction to the introduction of various regulations related to the reduction of
harmful emissions. The peak of interest in these solutions falls in the years 2000 to 2019. After the
Covid’'19 pandemic and the development of zero-net emissions policies, companies began to invest in
alternative eco-innovations. The advantage of using scrubbers is primarily the effective reduction of
SOy and PM emissions and the possibility of using cheaper HFO fuel. In addition, the installation of
this type of solution is an expense of between USD 2 million and USD 6 million per one piece of scrub-
ber, depending on the size and type of system (Sensorex, 2023). For example, the cost of equipping
~70 cruise ships of Carnival Corporation & plc. was about $400 million, which is ~$5.7 million per
unit (Kalosh, 2015). In addition, the cost of operating the system increases fuel consumption by about
2-3% (Zis etal,, 2021). A big disadvantage of this system, however, is the fact that the use of scrubbers
results in the need to discharge acidic scrubber water containing heavy metals and PAH, which is
prohibited in some seaports due to standards imposed by the IMO and involves additional costs.
Visible interest in these solutions has occurred since 2005, when the MARPOL Convention on the
Prevention of Air Pollution from Ships (IMO, 2005) was introduced. When choosing a solution, it is
important to carefully consider both the financial benefits and the impact on the environment and
future regulations.

In the years 1981-1993, due to the lack of regulatory pressure and the low activity of local com-
munities and environmental organisations at that time, there was little interest in solutions for the
preparation of infrastructure in ports enabling the connection of ships from the onshore power sup-
ply and connection to shore power supply systems, the so-called onshore power supply OPS. Such
solutions have many advantages, especially for the environment, by reducing pollutant emissions,
but also by reducing the noise and vibration of ship engines during the berthing of ships. Currently, in
Europe, many seaports have infrastructure available to power ships with OPS, but mostly adapted to
handle mainly ferries < 3MW and small vessels. Large cruise ships require 6MVA to 20 MVA. Power-
ing cruise ships requires small-town energy harvesting installations, and energy transfer costs range
from $300,000 to $4 million per waterfront. The first pioneering installations in the OPS were built in
Sweden (Port of Gothenburg, 2001), and the first ship equipped with installations enabling connec-
tion was the Princess Cruises, (CLIA (Alaska, 2025). Studies show that the use of this solution reduces
NOx by 95 % (Qi et al,, 2020, p. 2). In the period 2011-19, there is a clear increase in the interest of
shipowners in installing installations enabling the connection of ships to the OPS. This is primarily
due to Directive 2014/94/EU (European Union, 2014), which obliges TEN-T ports to prepare OPS
infrastructure by 2025. Many ports around the world have seen an acceleration in this area (Faber et
al,, 2022). Strong interest among shipowners in these solutions is particularly visible in 2020-24,
which was caused by the extension of the European Union requirements under the “Fit for 55” and
the obligation to use OPS = 2 hours of parking from 2030 (DNV, 2025). Currently, more than half of
the world’s cruise ship fleet is already OPS capable (CLIA, 2025).
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Powering ships using LNG in the years 1981-2008 was not perceived as an alternative to conven-
tional fuels in passenger shipping, and the lack of strong pressure on environmental protection did
not force shipowners to look for alternative solutions. In addition, the lack of appropriate dual-fuel
(DF) technology and prepared bunker infrastructure in seaports, as well as with OPS, was also a
barrier (Tusiani & Shearer, 2007, p. 35). In the following years, 2009-2015, the first solutions
appeared in the form of gas-powered DF engines (Pospiech, 2014), and most importantly, more
restrictive emission standards were adopted by the IMO, i.e. the 0.10% S limit in SECA (IMO, 2018),
which forced cruise shipping companies to look for alternative eco-innovative solutions for powering
ships. Therefore, it is only during this period that some movement is visible in the introduction of the
first LNG-powered units to the market. This was also followed by the first investments in LNG port
infrastructure (Jugovic¢ et al., 2025), which obviously had an impact on the increase in interest in
these solutions and the submission of LNG-powered ships by leading cruise shipping companies.
These vessels were placed on the market in 2022 and 2025 (SEA-LNG, 2025, pp. 2-3). The introduc-
tion of SECAs (Emission Control Areas), i.e. regions with stricter limits on sulphur and NOx emissions
into the environment (Regulation, 2023, p. 56), has become a reason for cruise ship owners to search
for further eco-friendly solutions, including alternative fuels and renewable energy sources.
However, it is clear that it is the use of LNG due to the high costs of bunkering installation and infra-
structure, uncertainty about regulatory solutions and geopolitical tensions that have a significant
impact on fuel prices, and most importantly, intensive testing of new alternative fuels, that cause
shipowners to refrain from investing in this area in favour of other eco-innovative and more econom-
ical solutions. However, it is worth noting here that LNG investments pay for themselves in about 5
years (SEA-LNG, 2025).

Various other solutions for ship power supply are being tested on the market, including the use
of hydrogen, ammonia, batteries, as well as synthetic fuels and photovoltaics. Unfortunately, all of
them have both numerous advantages and disadvantages. When it comes to the use of hydrogen in
fuel cells (Song, 2024) to produce electricity, a big advantage of this solution is zero emissions, as the
by-product is water vapour, but unfortunately, explosiveness and ease of operation at low energy
(~0.02 m]) and at a concentration of 4-75% is a serious problems. In addition, the strong deconges-
tion of meta-organic elements by hydrogen (hydrogen embrittlement) is a problem (Okonkwo et al.,
2023). In addition, there is a lack of appropriate infrastructure for bunkering. The use of ammonia,
which is very toxic, highly irritating and dangerous to human health, is also very controversial (Machaj
et al, 2022). In addition, it has strong corrosive properties, and most importantly, it requires high
precision and supervision in the combustion process due to the high risk of NOx emissions. It is now
criticised as a source that should not be considered for passenger ship propulsion. Nevertheless,
some companies are taking conceptual steps in this area.

The situation is similar when it comes to the use of synthetic fuels (Dotto et al. 2023) in cruise
ships. They also have potential toxicity and risk of leaks, and there is a lack of bunkering infrastruc-
ture. Similar problems are faced by shipbuilders considering the use of lithium-ion batteries to power
ships. These solutions also involve the risk of fires and explosions and the emission of toxic gases
(Bugryniec, 2024). In addition, these are solutions that burden individuals and require appropriate
construction. Photovoltaics (PV) are already used on some cruise ships, but so far, they have been an
additional source to power hotel and catering operations, and have not been treated as the main
source of power. A fairly low support power and the risk of short circuits and overheating of the
panels are still serious problems.

Currently, cruise line owners are reaching for hybrid solutions, thus combining various sources
of power for ships(Inal et al., 2022), for now they are combining existing solutions such as. e.g. LNG,
batteries, hydrogen and e.g. sails (wind). Unfortunately, the current regulations are not adapted to
hybrid solutions, and it should be expected that in the near future, there will be further restrictive
regulations in this area as well.

The analysis has shown that all the solutions used so far in the field of powering cruise ships, i.e.
scrubbers, LNG and OPS, are no longer of interest to cruise shipping companies when it comes to
newly designed cruise vessels. In new passenger ships, the use of hybrid solutions based on alterna-
tive sources of power supported by renewable energy sources is planned (Inal et al., 2022).

The research was mainly based on secondary sources, and desk research relies on CLIA and
Cruise Industry News, etc., which ignores private procurement and contracts, focusing on major
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market players. In addition, the applied criteria for the selection of units that were subjected to the
analysis limited the analysis to only 304 units out of the total number of N=520, excluding smaller
units with a tonnage of <10,000 GT and a capacity of <200 pax. In addition, the estimate of pilot-stage
technologies’ conclusions on future fuels (H,, NH3) that will be used in the future is rather specula-
tive, due to the fact that their introduction depends on successful demonstration projects and the
rules governing the fuel and energy market.

In future studies, it is also worth analysing trends relating to the group of smaller units, because,
as research in this group has shown, as many as 50% of units did not have any of the solutions
described above, so it is interesting to know what it looks like in the untested group. It is also worth
attempting research in the form of interviews with all stakeholders, i.e. representatives of shipping
companies, seaports and shipyards, to learn about their point of view on the changes taking place on
the market and the difficulties associated with meeting formal obligations and community expecta-
tions in terms of zero-emission units. Cruise shipping companies can gain a competitive advantage if
they approach the use of sustainable ship propulsion as a strategic goal for the company’s develop-
ment, not just an imposed regulatory cost.

Conclusions

Given the descriptive and trend-based nature of the study, the conclusions can be divided into
two groups: (1) conclusions resulting directly from the analysis of data on the current fleet of ships
operating in the cruise market, and (2) broader implications and recommendations of a postulate
nature.

An analysis of the fuel and propulsion configurations of 304 ocean-going cruise ships showed
that a significant part of the fleet still relies on conventional fuels with the use of scrubbers (187
vessels - 67%), but also that a large percentage of vessels (53 vessels - 19% of those analysed) are
not equipped with any systems to reduce harmful emissions into the environment, which is evident
in the segment of smaller vessels, where the complete lack of additional environmental technologies
is common. However, it is encouraging that in recent years there has been a noticeable increase in
interest among ocean-going cruise ship operators in introducing low-emission technological solu-
tions, such as OPS (Shore Power Systems) (123 vessels - 44% of vessels surveyed), LNG-equipped
vessels (only 23 vessels - 8%) and hybrid solutions. The problem, however, is the high investment
costs associated with the modernisation of existing vessels, but also the infrastructure limitations on
the part of seaports, which are often unable to provide ships with adequate infrastructure, especially
when it comes to onshore power supply and alternative fuel bunkering facilities. There is also grow-
ing interest in introducing cruise ships with various hybrid solutions to the market, which is already
evident in the order book for cruise ships for the coming years, especially for the largest vessels.

Currently, alternative and low-emission solutions in the operating fleet are mainly concentrated
in the large-capacity segment; in the >3000 passenger class, configurations combining alternative
fuels with additional systems (scrubbers, OPS) dominate, which is consistent with hypothesis H1
about the more frequent implementation of such technologies on larger vessels.

In turn, forecasts for future technologies (H,, NHs, synthetic fuels) in this study are scenar-
io-based and rely on current order plans and technical literature, rather than on our own forecasting
models. A review of the literature also shows that power sources for cruise ships based on zero-emis-
sion technologies, i.e. electric accumulators (batteries), hydrogen (fuel cells), synthetic fuels (e.g.
e-methanol, e-diesel), as well as solar energy (photovoltaics) and hybrid systems (e.g. batteries +
hydrogen + auxiliary sails) are currently in the testing and prototyping phase.

Cruise ship operators are currently opting for hybrid solutions in newly built cruise ships, com-
bining various solutions, e.g. diesel - LNG - electric propulsion, which can later be converted into
methanol or hydrogen, for example. It is important that they accelerate the modernisation of their
fleets and only order ships that are ready to use alternative fuels and renewable energy sources.
When planning the launch of new vessels, designers and shipowners of new cruise ships should take
into account not only the applicable regulations on emissions of harmful substances into the environ-
ment, but also the potential risk of these regulations becoming more stringent and the infrastructure
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limitations of seaports, particularly with regard to the development of OPS infrastructure and alter-
native fuels in ports.

Ultimately, the results of the study confirm that the technological transformation in the cruise
sector has already begun, but its pace and direction will depend on a combination of regulatory, eco-
nomic, technological and social factors, the full causal modelling of which requires further in-depth
research.

Recommendations for practice and regulation

The above conclusions allow us to propose practical and regulatory recommendations. Bearing
in mind that most of the vessels currently operating in the cruise market were built before environ-
mental policies were introduced, regulators should not only support the introduction of new low-car-
bon technologies, but also take into account the difficulties faced by shipowners with older fleets,
where it is not always easy to introduce new technological solutions, and they have to resort to tran-
sitional solutions when modernising their existing fleets. In the case of cruise ships that have been on
the market for many years, solutions should be introduced to reduce harmful emissions to the envi-
ronment, improve energy efficiency and, above all, optimise energy consumption for back-office
operations, particularly in the hotel and catering sectors. Meanwhile, with regard to new vessels, it is
crucial to ensure that cruise ships are equipped with low-emission technologies based on renewable
energy sources at the design stage.

One solution is hybrid systems that combine different methods of powering ships depending on
the circumstances, which will, to some extent, mitigate the risk of further restrictions tightening
emission standards. This refers to the selection of energy architecture that ensures low-emission
operation during voyages and when ships are docked in ports, e.g. a hybrid combustion-electric sys-
tem with energy storage, the ability to run on batteries when docked or manoeuvring in ports, as well
as, for example, the use of batteries during port stops, the use of alternative fuels (e.g. biofuels, meth-
anol) and solutions that increase energy efficiency, such as heat recovery, hull resistance optimisa-
tion, and installations that enable the use of fuels with a lower carbon footprint, but also fuel cells.
Many ships are already equipped with plugs for power supply from OPS, but in order to take advan-
tage of these solutions, seaports need to invest in energy supply (preferably from renewable energy
sources), energy storage, connection preparation and the development of procedures for consump-
tion and billing. In practical terms, the increase in the tonnage of cruise ships poses significant chal-
lenges for seaport managers in terms of preparing appropriate port infrastructure for larger vessels
>5000 PAX and supplying them with energy from renewable sources and enabling access to shore
power (OPS). This obviously involves capital-intensive investments, which may constitute a signifi-
cant barrier to the introduction of low-carbon solutions in cruise shipping. Projects of this type
should be implemented in public-private partnerships with a large share of public funds, mainly in
ports with high cruise ship traffic.

It should also be noted that there are still comparatively few cruise ships with gas-fuelled propul-
sion systems (LNG, PNG), which may suggest certain difficulties in implementation, on the one hand
related to high costs and on the other hand related to bunkering infrastructure issues in ports. In this
regard, shipowners should carefully analyse the routes of future ships and the advisability of invest-
ments.

In addition, shipowners should ensure, not only for environmental and ethical reasons, but also
for economic reasons, that energy consumption is optimised and the energy efficiency of ship opera-
tions is increased, especially on large cruise ships. Various solutions are currently available on the
market in this area, such as heating, ventilation and air conditioning (HVAC) systems, heat recovery
from engine rooms, LED lighting installations, intelligent energy management software, as well as the
use of drag reduction systems and anti-fouling coatings on hulls, etc.

Environmental regulations play an important role in the technological transformation of the
cruise market, both locally and internationally. Seaport authorities are introducing port fee reduc-
tions for low-emission vessels, limiting the number of calls per day, coordinating call schedules, mon-
itoring pollution levels, etc. At the international level, IMO conventions on reducing pollution and
increasing maritime safety, as well as EU directives on climate policy, as mentioned above, play an
important role.
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The prepared analysis provides a presentation of current and planned fuel and energy solutions
used in maritime cruise shipping. At the same time, it points to possible links between the type of fuel
and additional environmentally friendly equipment, which could provide an important clue for fur-
ther research and implementation in the shipping industry. The results may have application value
for cruise ship designers, but also for seaport authorities and regulatory entities.

Study limitations and recommendations for future research

The study only covers ocean-going cruise ships with a capacity of approximately 200 to 6,000
passengers. Smaller expedition vessels and river vessels, which operate under different regulatory
and operational conditions, were excluded from the analysis. The results, therefore, describe a spe-
cific segment of large ocean-going vessels and should not be directly generalised to the entire passen-
ger shipping sector. In future studies, it would be worthwhile to carry out simulations using other
criteria for selecting variables and to analyse trends for the group of smaller vessels, as the study
showed that as many as 50% of vessels in this group did not have any of the solutions described
above, so it would be interesting to see what the situation is like in the untested group. It is also worth
conducting research in the form of interviews with all stakeholders, i.e. representatives of shipping
companies, seaports and shipyards, to learn their views on the changes taking place in the market
and the difficulties associated with fulfilling formal obligations and social expectations regarding
zero-emission vessels. Cruise lines can gain a competitive advantage if they treat the use of sustaina-
ble ship propulsion as a strategic goal for the company’s development, rather than just an imposed
regulatory cost.

The study also did not conduct a sensitivity analysis examining alternative ship categorisation
schemes, nor did it analyse the ownership structure and strategies of the largest capital groups or the
differences between ships operating in different areas of the world. We would also like to point out
that due to the much more restrictive environmental regulations in some regions, for example, in
Europe or in selected areas of North America, regional differences can be expected, which would
require a separate, more detailed analysis, which may also be a topic for further research.

Another limitation is that the statistical tests and regression models were based solely on data for
ships built up to and including 2024. Information on vessels planned for 2025-2028 was used only
for descriptive analyses and to compare the order book with a scenario-based extension of the trend.
The technical specifications of planned ships may change, and some orders may be cancelled, so the
results for this group should be treated as approximate and not binding in terms of inference. Analy-
ses of this type should be carried out periodically to observe changing trends in the market for new
ship propulsion technologies.

Furthermore, the models and tests performed in this article only take into account selected ship
characteristics: year of construction, passenger capacity and environmental technologies used.
Potentially significant confounding variables, such as ownership structure, region of operation, voy-
age profile, specific regulatory requirements or fuel and technology costs, were not taken into
account. These variables require separate time-consuming research and may be a potential topic for
future studies. The observed relationships over time and differences between size classes should
therefore be interpreted as associations rather than evidence of simple causal relationships.

It should also be noted that the data comes from secondary sources (industry databases, ship-
owner documents). Although the key variables (year of construction, passenger capacity, presence of
LNG, shore power, exhaust gas cleaning systems) were virtually complete in the subset used for the
analysis, it is not possible to fully verify the accuracy of all entries. Potential typographical errors,
inconsistent classification of technical solutions or delays in updating may lead to a partial underes-
timation or overestimation of the frequency of occurrence of particular technologies.

Finally, in the case of sporadic information gaps in less important variables, a complete case
approach was used - observations with gaps were not used in the relevant detailed analyses. In addi-
tion, three units were omitted for which both the year of construction and the year of major refur-
bishment were entered in the ‘Built’ column, and the information on costs and equipment was of a
‘pre/post-modernisation’ nature. Due to the inability to unambiguously assign these units to a spe-
cific year and technical configuration, it was decided to exclude them; however, their share in the
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entire sample was negligible. If the mechanism of creating gaps and ambiguous entries was not
entirely random, this may distort the estimates to some extent, although the scale of this effect should
be limited.
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ROZWOJ INNOWACJI PRZYJAZNYCH DLA SRODOWISKA
W SEKTORZE RE_JSOVV WYCIECZKOWYCH: KONCENTRACJA
NA ZROWNOWAZONYCH ROZWIAZANIACH MORSKICH

STRESZCZENIE: Statki wycieczkowe sg krytykowane za zanieczyszczenie powietrza i emisje gazéw cieplarnianych.
W odpowiedzi na surowsze przepisy i presje spoteczng, operatorzy wdrazaja nowe paliwa i systemy napedowe oraz inno-
wacyjne systemy napedowe minimalizujace jego $lad ekologiczny. Celem tego artykutu jest identyfikacja i ocena aktual-
nych trendéw oraz potencjalnych kierunkéw rozwoju w dziedzinie paliw i systeméw energetycznych dla statkdw
wycieczkowych, na podstawie analizy danych dotyczacych technologii stosowanych lub planowanych dla statkéw oce-
anicznych. Analizujac 304 jednostki z globalnej floty, analiza taczy pojemno$¢ pasazeréw, rok budowy jako wskaznik
kohorty projektowej oraz konfiguracje technologii paliwa i napedu. Zastosowano testy statystyczne, aby odkry¢ wzorce
i zalezno$ci miedzy tymi zmiennymi. Wyniki sg przeznaczone dla kilku kluczowych interesariuszy: projektantéw statkdw
chcacych wiaczy¢ zaawansowane technologie napedowe, decydentéw oraz wiadz portéw wycieczkowych, ktérzy chca
stworzy¢ struktury motywacyjne dla zréwnowazonego rozwoju.

SEOWA KLUCZOWE: zarzadzanie srodowiskowe; systemy napedowe; zréwnowazona zegluga wycieczkowa, statki
wycieczkowe; efektywnoscé energetyczna, emisja gazow cieplarnianych
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